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SECTION I 
In t roduc t ion  and Summary 
This document r e p o r t s  on t h e  r e s u l t s  of a s tudy  wi th  a two-fold purpose. The 
f i r s t  o b j e c t i v e  w a s  t o  e v a l u a t e  t h e  postlaunch r a d i o m e t r i c  c a l i b r a t i o n  or  t h e  
Landsat Thematic Mapper (TM) band 6 data.  The second o b j e c t i v e  w a s  t o  de te rmine  
t o  what e x t e n t  s u r f a c e  tempera tures  could be computed from t h e  TM band 6 d a t a  
us ing  a tmospher ic  propagation models. 
compared t o  a s i n g l e  TM-4 band 6 d a t a  set. This comparison i n d i c a t e d  s a t i s f a c t o r y  
agreement over a narrow temperature range. However, sys t ema t i c  e r r o r s  were 
apparent  which could not  be adequate ly  eva lua ted  us ing  on ly  t h e  a v a i l a b l e  ground 
t r u t h  d a t a .  Subsequently thermal i n f r a r e d  l i n e  scanner miss ions  were flown under 
t h e  sa te l l i t e  on 6 / 2 2 / 1 9 8 4 ,  1 0 / 6 / 1 9 8 4  and 5 / 2 4 / 8 5  i n  t h e  v i c i n i t y  of Roches te r ,  
NY. The u n d e r f l i g h t  d a t a  p e r m i t  d i r e c t  measurement of s u r f a c e  temperature over 
l a r g e  areas for d i r e c t  c o r r e l a t i o n  with t h e  s p a c e c r a f t  d a t a .  I n  a d d i t i o n ,  t h e  
u n d e r f l i g h t  d a t a  can be used t o  measure atmospheric e f f e c t s  f o r  comparison t o  t h e  
atmospheric propagation models. 
To accomplish t h i s ,  ground t r u t h  d a t a  were 
The atmospheric propagation model (moditied LOWTRAN 5A) w a s  used t o  p r e d i c t  
s u r f a c e  temperature va lues  based on the rad iance  a t  t h e  s p a c e c r a f t .  The a i r c r a f t  
d a t a  were c a l i b r a t e d  using a mul t i - a l t i t ude  p r o f i l e  c a l i b r a t i o n  technique which 
had been e x t e n s i v e l y  t e s t e d  i n  previous s t u d i e s .  This a i r c r a f t  c a l i b r a t i o n  
permi t ted  measurement of su r face  temperatures based on t h e  rad iance  reaching  t h e  
a i r c r a f t .  When these  temperature va lues  are e v a l u a t e d ,  an e r r o r  i n  t h e  
s a t e l l i t e ' s  a b i l i t y  t o  p r e d i c t  su r f ace  tempera tures  can b e  es t imated .  This s tudy  
i n d i c a t e d  t h a t  by c a r e f u l l y  accounting f o r  va r ious  senso r  c a l i b r a t i o n  and 
atmospheric propagation e f f e c t s ,  t h e  expected e r r o r  (1 s t anda rd  d e v i a t i o n )  i n  
s u r f a c e  temperature would be 0.90'K. 
and no sampling e r r o r  due t o  t a r g e t  l oca t ion .  
This assumes no e r r o r  i n  s u r f a c e  e m i s s i v i t y  
These r e s u l t s  i n d i c a t e  t h a t  t he  sa te l l i t e  c a l i b r a t i o n  i s  wi th in  nominal l i m i t s  
t o  w i t h i n  t h i s  s t u d y ' s  a b i l i t y  t o  measure e r r o r .  There is some minor concern t h a t  
t h e  apparent  g a i n  of t h e  s y s t e m  may be h igher  than t h e  nominal v a l u e s ,  however, 
those e r r o r s  are smaller than  d e t e c t a b l e  by t h i s  method. 
In a d d i t i o n  t o  t h e  d e f i n i t i o n  and t e s t i n g  of t h e  c a l i b r a t i o n  method a procedure 
t o r  gene ra t ion  of s u r f a c e  temperature images has been i d e n t i f i e d  and demonstrated.  
This  method uses  t he  r ad iomet r i c  c a l i b r a t i o n  and atmospheric propagat ion  methods 
1 
coupled wi th  e m i s s i v i t y  lookup t a b l e s  accessed by land  cover t o  compute blackbody 
equ iva len t  s u r f a c e  radiance or  the  corresponding k i n e t i c  temperature.  The land 
cover type can be der ived  by m u l t i s p e c t r a l  c l a s s i f i c a t i o n  of the  s h o r t  wavelength 
s p e c t r a l  channels  on the T3. The r e s u l t a n t  "temperature" images can be r e a d i l y  
i n t e r p r e t e d  a s  they appear t o  have higher  r e s o l u t i o n  than  the  or ig ina ls . .  While 
t h i s  is only  an a r t i f a c t  of the processing,  i t  can improve i n t e r p r e t a t i o n  and 
temperature  va lues  can be d i r e c t l y  evaluated from t h e  images f o r  t a r g e t s  
s i g n i f i c a n t l y  l a r g e r  than t h e  TN-6 projec ted  p i x e l  s i z e .  
2 
SECTION T I  
Technical Approach 
This  Sec t ion  con ta ins  a review of the r e l evan t  l i t e r a t u r e  and a d i s c u s s i o n  of t h e  
radiometry governing c a l i b r a t i o n  of s a t e l l i t e  systems. Based on t h i s  background, 
t he  approaches used f o r  c o l l e c t i o n  and a n a l y s i s  of t he  s a t e l l i t e ,  a e r i a l  and 
su r face  t r u t h  d a t a  are presented.  
2 . A  L i t e r a t u r e  Review 
The d a t a  Erom the  thermal i n f r a r e d  channel (Band 6 )  aboard t h e  thematic  mapper 
r ep resen t s  t he  h ighes t  s p a t i a l  r e s o l u t i o n  thermal in format ion  y e t  a v a i l a b l e  from 
space. The rad iometr ic  response func t ion  of t he  thermal sensor  had t o  be 
c a r e f u l l y  eva lua ted  a f t e r  launch t o  permit proper  i n t e r p r e t a t i o n  of t hese  unique 
da ta .  
from space i s  t o  c o r r e c t  t he  observed radiance o r  apparent  temperature  t o  a 
su r face  radiance o r  temperature  va lue  us ing  atmospheric propagat ion  models. For 
example, us ing  radiosonde d a t a  from the s tudy a r e a  a t  t h e  t i m e  of an overpass  the  
atmospheric t ransmiss ion  and pa th  radiance terms ( r a n d  L ) can be computed using 
AFCRL’s LOWTRAN code (Selby,  e t  31. 1978) .  These terms can be used t o  compute the 
su r face  radiance from 
Probably the  most g e n e r a l l y  accepted method f o r  process ing  r ad iomet r i c  d a t a  
U 
LT = (L - L u > / T .  (2. A-1 ) 
where; L i s  the observed rad iance  and LT i s  the su r face  rad iance  which can be 
a s soc ia t ed  wi th  an equ iva len t  blackbody temperature (T). 
A s  p a r t  of NASA’s Xeat Capaci ty  Mapping Mission (HCMM) experiment atmospheric 
propagat ion models were used i n  reverse  i n  an a t tempt  t o  eva lua te  the  pos t  launch 
r ad iomet r i c  response of the Heat Capacity Mapping Radiometer (HCMR). 
1979, desc r ibe  how s u r f a c e  rad iometr ic  readings were used i n  conjunct ion  wi th  
radiosonde d a t a  t o  p r e d i c t  the  radiance a t  the  top of the  atmosphere us ing  
atmospheric propagation models. 
viewing a l a k e  were averaged t o  de f ine  LT and the  atmospheric  propagat ion  models 
were used t o  de f ine  T and L a t  the time of the s a t e l l i t e  overpass .  Therefore ,  
the rad iance  observed by the spacec ra f t  sensor  L’ and the  rad iance  c a l c u l a t e d  from 
the model (L = T L  I n  f a c t  f o r  t he  f i v e  d a t e s  s t u d i e d ,  
the  d i f f e r e n c e  i n  observed and predic ted  va lues  ranged from 4.15 t o  6.14OC with an 
average d i f f e r e n c e  of 5.24OC ( rad iance  va lues  have been converted to  equiva len t  
blackbody temperatures) .  
Bohse e t  a l .  
Surface da t a  taken wi th  a po in t  radiometer  
U 
+ Lu) should be i d e n t i c a l .  T 
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As a r e s u l t  of t h e s e  a n a l y s e s ,  NASA o f f s e t  t he  prelaunch c a l i b r a t i o n  va lues  f o r  
t he  sensor  by -5.5OC and appl ied  t h i s  o f f s e t  t o  a l l  s tandard  HCMM products  (c.f. 
HCMM u s e r s  gu ide) .  It should be noted t h a t  t h e s e  s i n g l e  p o i n t  readings  provide 
almost no d a t a  on system g a i n  and a l l  e r r o r  had Go be a t t r i b u t e d  t o  b i a s .  
T h i s  o f f s e t  w a s  based on t h e  assumption t h a t  t he  sensor  response and/or  the 
c a l i b r a t i o n  s tandard  had somehow changed s ince  t h e  prelaunch c a l i b r a t i o n .  
Subsequent s t u d i e s  f i v e  months l a te r  conducted i n  a n  i d e n t i c a l  f a s h i o n  i n d i c a t e d  
t h a t  t h e  o f f s e t  should be moved back toward the  o r i g i n a l  value by 3.3 t o  7.7OC 
(Subbarayudu 1979). This  would e s s e n t i a l l y  n u l l i f y  t h e  o r i g i n a l  o f f s e t .  I f  we 
accept  t h e  i n i t i a l  premise of a s h i f t  i n  t h e  HCMR response f u n c t i o n ,  we must now 
s p e c u l a t e  on t h e  p o s s i b i l i t y  of long term d r i f t  i n  t h e  sensor  c a l i b r a t i o n .  
a l t e r n a t i v e  and perhaps more acceptable  hypothes is  is t h a t  t he  atmospheric  
propagat ion models a r e  inadequate  and pa r t  o r  al.1 of t h e  var iance  i s  a s s o c i a t e d  
wi th  changes i n  the  atmosphere i n s u f f i c i e n t l y  accounted f o r  by t h e  models. 
An 
Whether t h e  sensor  or t he  models were a t  f a u l t  - t he  f a c t  remains t h a t  - t he  
rad iometr ic  c a l i b r a t i o n  of t h e  d a t a  was s e r i o u s l y  i n  quest ion.  To minimize t h i s  
type of concern regard ing  t h e  thermal d a t a  from Landsat 4 and 5 ,  t h e  rad iometr ic  
response f u n c t i o n  of t h e  sensor  was c a r e f u l l y  eva lua ted  a f t e r  launch u s i n g  
r e l i a b l e  experimental  d a t a .  Since near ly  a l l  u s e r s  have a requirement f o r  s u r f a c e  
radiance d a t a ,  i t  was a l s o  e s s e n t i a l  t h a t  t h e  atmospheric  propagat ion models be 
more c a r e f u l l y  eva lua ted  and r e f i n e d  as preprocess ing  algori thms.  Without 
r e l i a b l e  a tmospheric  propagat ion models, c o s t l y  f i e l d  experiments would be 
requi red  a s  p a r t  of each image a n a l y s i s  e f f o r t .  
The p r e l i m i n a r y  a n a l y s i s  of TM band 6 d a t a  a l s o  f u r t h e r  emphasized t h e  need 
f o r  more d e t a i l e d  assessment of p o s t  launch c a l i b r a t i o n  and refinement of 
a tmospheric  propagat ion models. Malaret e t  a l .  1985 r e p o r t  observing n e a r l y  the 
same apparent  temperature range a t  the  s a t e l l i t e  a s  observed on t h e  ground. 
S imi la r  r e s u l t s  were repor ted  by Wukelic e t  a l .  1975. Wukelic goes on t o  r e p o r t  
t h a t  use of t h e  atmospheric propagation model tended t o  degrade t h e  c o r r e l a t i o n  
between s a t e l l i t e  predic ted  temperature and s u r f a c e  temperature.  
t o  i n d i c a t e  t h a t  e i t h e r  t he  atmosphere is e x h i b i t i n g  n e g l i g i b l e  a t t e n u a t i o n  o r  
These d a t a  tend 
t h a t  t h e  s e n s o r s  post  launch g a i n  had somehow increased  and t h a t  t h i s  i n c r e a s e  had 
not been accounted f o r  during i n t e r n a l  c a l i b r a t i o n .  
t ransmiss ion  i s  d i f f i c u l t  t o  know e x a c t l y ,  g e n e r a l  p a t t e r n s  a r e  w e l l  def ined  and 
t ransmiss ions  of t h e  o r d e r  of 0.75 t o  0.90 might be expected. Transmission va lues  
While atmospheric 
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i n  t h i s  range make the  r e s u l t s  reported by these  i n v e s t i g a t o r s  un l ike ly .  The 
problems of atmospheric propagat ion models, adequate ground t r u t h  and pos t  launch 
c a l i b r a t i o n  must a l l  be addressed i n  order  t o  proper ly  assess Landsat TM band 6 
data .  We should po in t  out  t h a t  t he  su r face  tempera tures  used f o r  the  prev ious ly  
s i t e d  ana lyses  a r e  a l l  po in t  samples gene ra l ly  taken  a s  grab samples which may not  
adequtely r ep resen t  s u r f a c e  temperatures over  l a r g e  reg ions  (e.g.  the  
approximately 57 ,600m2 reg ion  of un i fo rm temperature  necessary f o r  good TM6 ground 
t r u t h ) .  I n  o rde r  t o  adequately address some of t hese  ques t ions ,  we need to  
cons ider  t h e  work done on atmospheric modeling, measurement of a tmospheric  
parameters and the  p o t e n t i a l  f o r  v iab le  ground t r u t h  assessment. 
Schot t  1979 (c . f .  Appendix A )  desc r ibes  an empi r i ca l  method f o r  computation of 
atmospheric t ransmiss ion  and upwelled pa th  radiance.  The method involves  f l y i n g  
an i n f r a r e d  l i n e  scanner  a t  a series of  a l t i t u d e s  over the same t a r g e t s .  The 
method was demonstrated t o  permit measurement of water  su r face  temperatures  t o  
wi th in  0.4K of a c t u a l  su r f ace  temperatures  i n  a s e r i e s  of b l ind fo ld  t e s t s .  Schot t  
and Schimminger 1981 subsequent ly  used t h i s  approach t o  c a l i b r a t e  NASA’s HCMM 
longwave i n f r a r e d  (LWIR) s a t e l l i t e .  I n  t h i s  s tudy  the  aer ia l  i n f r a r e d  imager w a s  
flown i n  conjunct ion  with a s a t e l l i t e  overpass.  
us ing  the  method of Schot t  1979 and l a rge  reg ions  of uniform temperature  were 
i d e n t i f i e d  and measured. Because of the w e l l  documented accuracy of the  a e r i a l  
c a l i b r a t i o n  method, these  reg ions  could be used a s  c a l i b r a t i o n  p o i n t s  f o r  t he  
s a t e l l i t e .  S a t e l l i t e  observed radiance values  could then be converted t o  su r face  
temperatures  us ing  r eg res s ion  models of s a t e l l i t e  radiance versus  s u r f a c e  
radiance.  
The a e r i a l  d a t a  were c a l i b r a t e d  
Subsequently Schot t  and Biegel  1983 and 3yrnes and Schot t  1986 u t i l i z e d  the  
mul t ip l e  a l t i t u d e  c a l i b r a t i o n  method to  compare empi r i ca l ly  der ived  atmospheric  
c a l i b r a t i o n  parameters t o  those derived from the- LOWTRAN model. 
t h a t  t he  LOWTRAN 5A model could be evaluated us ing  t h i s  approach and t h a t  f o r  low 
a l t i t u d e  work a modified ve r s ion  of LOWTRAN could be brought i n t o  reasonable  
agreement wi th  empi r i ca l  s t u d i e s .  
e x i s t  r e q u i r i n g  f u r t h e r  refinement t o  the LOWTRAN model. 
They demonstrated 
A t  h igher  a l t i t u d e s  some d i sc repanc ie s  s t i l l  
The s tudy  repor ted  here  was designed t o  draw on these  previous e f f o r t s .  
Underf l igh t  d a t a  were used t o  genera te  ground t r u t h  t o  c a l i b r a t e  t h e  senso r ,  
LOWTRAN models and unde r f l i gh t  d a t a  were compared t o  a s s e s s  the f e a s i b i l i t y  of 
c a l i b r a t i n g  the sensor  t o  ground temperature using atmospheric propagat ion  models. 
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F i n a l l y ,  t h e  p o t e n t i a l  f o r  us ing  the r e f l e c t e d  TM bands t o  assist i n  a n a l y s i s  of 
thermal 34 d a t a  was eva lua ted .  
2.8 T h e o r e t i c a l  Background 
This  s e c t i o n  w i l l  review the  re levant  'E4 band h sensor  c h a r a c t e r i s t i c s  and the  
r a d i a t i o n  propagat ion phys ics  r e l evan t  t o  the  e v a l u a t i o n  and c a l i b r a t i o n  of the  
LWIR senso r  f o r  e a r t h  s u r f a c e  temperature assessment.  
Z.B.l  Thematic Mapper 
The Thematic Mapper's ope ra t ing  p r inc ip l e s  and performance a r e  e x t e n s i v e l y  
d iscussed  i n  Markham and Barker 1985 and Barker 1985. Only b r i e f  review of 
r e l evan t  m a t e r i a l  r e l a t e d  t o  TM band 6 w i l l  be presented  here .  
t r a i n  i s  presented  i n  Figure 2.B-1. The 170 p r a d i a n  angu la r  IFOV of t he  4 mercury 
cadmium t e l e r i d e  d e t e c t o r s  p ro jec t ed  onto the  ground from the  705 km nominal 
a l t i t u d e  y i e l d s  a spo t  s i z e  of 120 meters. Four l i n e s  of d a t a  a r e  c o l l e c t e d  by 
the four  s enso r s  with each o c i l l a t i o n  of t he  scan riiirrof. Radiometr ic  c a l i b r a t i o n  
of the LWIR channel is accomplished during the  scan  mir ror  t u rn  around t i m e .  A 
shut  t e r  cyc le s  i n t o  the o p t i c a l  t r a i n  immediately behind the  the primary mir ror .  
The s h u t t e r  is thermally c o n t r o l l e d  and i s  used t o  provide a r e fe rence  rad iance ,  
as  wel l  as € o r  DC r e s t o r a t i o n .  I n  add i t ion ,  a small  concave mir ror  on the s h u t t e r  
su r f ace  r e f l e c t s  a thermally con t ro l l ed  blackbody i n t o  the  d e t e c t o r  f i e l d  of view 
f o r  a br ieE per iod  during each scan reversa l .  Thus,  a two poin t  rad iance  
c a l i b r a t i o n  is acqui red  f o r  each scan l i n e .  
c a l i b r a t i o n  i s  contained i n  Sec t ion  2.3). The s p e c t r a l  response oE the  1,W'IR 
sensors  i s  shown i n  Piglire 2.B-2. Through i n t e r n a l  c a l i b r a t i o n  of t he  LWIR sensor  
the wi th in  band radiance [ N ~ m - ~ s r - ' ]  o r  the  e!€ Eec t Lve mean s p e c t r a l  ratliarice 
[wcm sr  
loca t ion .  T h i s  i s  accomplished through a simple l i n e a r  r e l a t i o n s h i p  between the  
observed s i g n a l s  f o r  the s h u t t e r  and the blackbody with the  known rad iance  val3ies. 
These s i g n a l s  a r e  then l i n e a r l y  scaled t o  d i g i t a l  counts  t o  s e t  t h e  minimum and 
maximum d i g i t a l  counts  a t  p re sc r ibed  radiance l e v e l s .  
The TM o p t i c a l  
( A  more d e t a i l e d  d i s c u s s i o n  of s enso r  
-2 -1 urn-'] can be generated from the  d i g i t a l  count recorded a t  each image 
Thus, i n  the  d i scuss ions  which follow we  w i l l  assume t h e  rad iance  reaching  the 
s a t e l l i t e  s enso r  i s  knorm ( i . e .  can be determined from d i g i t a l  count )  and proceed 
with a d i s c u s s i o n  of  what processes  and parameters con t r ibu te  t 9  the  radiance 
reaching t h e  sensor .  
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2.B-I Schematic of the Thematic Mapper (from Irons 19851 
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(From Markham and B a r k e r  1985) 
2.B.2 Governing Equations 
I n  t h i s  s e c t i o n  we w i l l  de sc r ibe  the atmospheric propagat ion  model used t o  
desc r ibe  and s imula te  the radiance reaching both a i rbo rne  and s a t e l l i t e  LidIR 
imaging sensors .  Incllided i n  t h i s  s e c t i o n  i s  a d e s c r i p t i o n  of a model f o r  
computation of atmospheric and target i n t e r a c t i o n  e f f e c t s  on t he  rad iance  o r  
apparent  temperature  perceived by an  a i rborne  o r  s a t e l l i t e  sensor .  In a d d i t i o n ,  
procedural  methods t o  e x e r c i s e  the model and compare i t  t o  empi r i ca l  d a t a  a r e  
presented.  
In the  s imples t  c a s e ,  l e t  t h e  radiance reaching a sens ing  p la t form be 
(2.B-1) L = T & ~  + Lu + rLD T 
where T is  t h e  atmospheric t ransmiss ion ,  E i s  the  e m i s s i v i t y  of the  t a r g e t ,  LT i s  
the blackbody radiance a s s o c i a t e d  w i t h  the ta rge t ’s  k i n e t i c  temperature  (T), r i s  
the r e f l e c t i v i t y  of the  t a r g e t ,  LD i s  the  downwelled rad iance  from the hemisphere 
above the  t a r g e t  (no te  the  i m p l i c i t  Lambertian assumptions) and Lu i s  the  upwelled 
radiance o r  pa th  radiance reaching the sensor  from the  atmospheric  path.  Each 
term i n  Equat ion 2.B-1 is  wavelength dependent and governed by the  s p e c t r a l  
bandpass of the sens ing  system. For example, 
A2 
A 1  
LT = 2hc 2 A - 5 5  ( e  -hC/AkT -I>-’ A (2.B-2) * 
where h i s  Plank’s cons t an t ,  c i s  the  speed of l i g h t ,  A is wavelength,  A 
a r e  the  s p e c t r a l  bandpass limits of the senso r ,  k i s  the  Boltzmann c o n s t a n t ,  and T 
is the  k i n e t i c  temperature.  Note t h a t  f o r  convenience we ?lave assumed t h a t  a l l  nE 
t he  parameters  i n  Equation 2.8-1 a r e  slowly varying func t ions  of wavelength so 
t h a t  they can be taken ou t s ide  the wavelength i n t e g r a l  f o r  small passbands. 
and A 2  1 
Equat ion 2.B-1 ( i l l u s t r a t e d  i n  F ig f i r e  2.B-3) can be expanded t o  explicitly 
incorpora t e  the  dependence of t he  observed rad iance  on a l t i t u d e  ( h )  and view angle  
( 0 ) .  In t h i s  case 
The term r(O) should more proper ly  be expressed a s  a s c a t t e r i n g  f u n c t i o n  
inco rpora t ing  the  con t r ibu t ions  E rom each segment of t he  hemisphere above the 
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t a r g e t  r e f l e c t e d  i n t o  the acceptance angle of t h e  sensor .  However, because t h i s  
s c a t t e r i n g  func t ion  is undefined f o r  most s u r f a c e s  of i n t e r e s t ,  we have assumed 
the s u r f a c e s  a r e  e i t h e r  p e r f e c t l y  d i f f u s e ,  i . e . ,  r ( @ )  = r ( 0 )  o r  t h a t  the  
s c a t t e r i n g  func t ion  is  independent of azimuth angle  and only v a r i e s  a s  a func t ion  
of view angle .  These r e s t r i c t i o n s  can e a s i l y  be removed f o r  s u r f a c e s  whose 
s c a t t e r i n g  func t ions  are more f u l l y  def ined with r e s p e c t  t o  azimuthal  angles .  To 
implement a model descr ibed  by Equation 2.B-3 each term on the r i g h t  hand s i d e  
must be def ined .  Each term i s  t r e a t e d  s e p a r a t e l y  i n  the  d i scuss ion  which fo l lows  
with the  combined process  i l l u s t r a t e d  i n  Figure 2.5-4. 
The model descr ibed  i n  more d e t a i l  i n  Schot t  1983 uses  the  LOWTRAN 5A computer 
code t o  gene ra t e  wi th in  band t ransmission va lues  a s  a func t ion  of a l t i t u d e  over  
the bandpass of i n t e r e s t .  These values  a r e  der ived  wi th in  LOWTRAN from radiosonde 
measurements of the atmospheric makeup ( i n p u t  t o  LOWTRAN) and s t o r e d  d a t a  based on 
empi r i ca l  measurements t h a t  r e l a t e  o p t i c a l  depth and hence t ransmiss ion  t o  the 
atmospheric composition. 
Rather than run LOWTRAN’s s p e c t r a l  computation f o r  each sample, the  bandpass 
values  f o r  s e v e r a l  a l t i t u d e s  a r e  s to red  i n  the  c u r r e n t  model and i n t e r p o l a t e d  i n  a 
log l i n e a r  f a sh ion  t o  any inpu t  a l t i t u d e .  The . inc rease  i n  o p t i c a l  depth  due t o  
viewing along a s l a n t  path i s  computed by the  p re sen t  model and t ransmiss ion  
values  a r e  der ived  based on the  LOWTRAN r e l a t i o n s h i p s  between t ransmiss ion  and 
o p t i c a l  depth.  
The e m i s s i v i t y  a s  a func t ion  of view angle  must be s t o r e d  a s  a d a t a  a r r a y  i n  
the  model f o r  each o b j e c t  of i n t e r e s t .  Unknown p o i n t s  are found a s  a func t ion  of 
view angle  by i n t e r p o l a t i o n .  For t h e  d a t a  s e t s  repor ted  h e r e ,  a l l  viewing i s  
considered v e r t i c a l  so v a r i a t i o n  i n  emiss iv i ty  wi th  view angle  can be neglec ted .  
The r e f l e c t i v i t y  is obta ined  from the  emis s iv i ty  by employing Kirchoff’s ru l e  
r ( @ )  = 1 - E(@) .  
The blackbody equiva len t  radiance a s soc ia t ed  wi th  a temperature  T o r  the  
apparent  temperature  a s soc ia t ed  wi th  a radiance va lue  is found by i n t e r p o l a t i o n  of 
a radiance-temperature a r r a y  generated by numerical  i n t e g r a t i o n  of t he  Plank 
equat ion  ( E q u a t i m  2 .5 -2 ) .  
The upwelled radiance a t  any angle (0) and a l t i t u d e  (11) is computed from 
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(2.B-4) 
where n i s  the  number of homogeneous layers 'be tween the  source  and t h e  sensor  i n t o  
which the  atmosphere i s  assumed to  be d iv ided  ( t y p i c a l l y  p r e s e l e c t e d  a t  20), i 
d e f i n e s  the  atmospheric l a y e r  considered,  %i i s  the  rad iance  a s s o c i a t e d  with t h e  
mean temperature  of the  l a y e r  (T.), ( the  mean temperature  Of t he  l a y e r  i s  found by 
i n t e r p o l a t i o n  of t h e  radiosonde a l t i t u d e  VS. temperature  d a t a  which i s  included as 
a d a t a  a r r a y ) ,  T~ (hi,O) i s  the t ransmission a long  the  s l a n t  pa th  through the i t h  
l a y e r  having v e r t i c a l  he ight  hi = h /n ,  and T 
s l a n t  pa th  from the  top of the  i t h  l aye r  t o  the sensor .  The term 
[1 - T i  ( h i , @ ) ]  can be thought of as the e f f e c t i v e  a b s o r b t i v i t y  and t h e r e f o r e  the 
e f f e c t i v e  e m i s s i v i t y  of the i t h  l a y e r  when i t  i s  t r e a t e d  as a blackbody. This  is 
the  equ iva len t  of assuming t h a t  t he  radiance s c a t t e r e d  out  of the  l a y e r  is exac t ly  
replaced i n  magnitude and d i r e c t i o n  by the  radiance s c a t t e r e d  i n t o  the l aye r .  
Ben-Shalom e t  a l . ,  1980 has suggested t h a t  t h i s  method r e p r e s e n t s  an improvement 
over  t he  LOWTRAN method f o r  computation of pa th  rad iance .  Figure 2.B-5 r ep resen t s  
the  process  of summing the  con t r ibu t ions  from each l a y e r  i n  the  atmosphere t o  
o b t a i n  the  cumulative pa th  rad iance  L (h,O). 
1 
(hi,O) is  the t ransmiss ion  a long  the  
j 
u 
The t o t a l  downwelled rad iance  onto the t a r g e t  is computed from the  
c o n t r i b u t i o n  from each element of s o l i d  angle  above the  t a r g e t .  The downwelled 
radiance from any angle  L D ( 0 )  i s  computed i n  a manner s i m i l a r  t o  t h a t  f o r  upwelled 
radiance except  t he  pa th  length  is  always t o  space r a t h e r  than t o  the sensor  
a l t i t u d e .  The i r r a d i a n c e  on the t a r g e t  from the hemisphere above i t  can then be 
expressed a s  
ED = ( L D ( 0 )  cosOd f2 (2.B-5) 
where t h e  i n t e g r a l  i s  on the s o l i d  angle Q over the  hemisphere above the  t a r g e t .  
It can be re-expressed i n  terms of an aziiauth angle  a s  shown i n  Figure 2.B-6 a s  
2 r  T I ,  
' L  
= $  ( L ( 0 )  cos  0 s i n  0 dOd$ D $=O 0-0 
= 2 r T  L D ( 0 ) c o s m i n a O  ( 2  .B-6) 
0=0 
Assuming d i f f u s e  r e f l e c t i o n  from the  sur face  the  t o t a l  downwelled rad iance  
r e f l e c t e d  can be expressed a s  
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The 
r(0)LD = r ( 0 )  ED/r 
ode1 descr ibed  here  comput the  a g u l a r  
( 2  .B-7 ) 
o n t r i b u t i o n  t o  downwelled rad iance  
LD (0) i n  a manner similar t o  t h a t  descr ibed € o r  the  upwelled c o n t r i b u t i o n  t o  pa th  
radiance.  A numerical i n t e g r a t i o n  of Equation 2.B-6 is  then performed t o  a r r i v e  
a t  a va lue  f o r  the  i r r a d i a n c e  inc iden t  on each t a r g e t .  A l t e r n a t e l y ,  i f  t h e  t a r g e t  
is assumed t o  have pure ly  specu la r  r e f l e c t i o n ,  t h e  r e f l e c t e d  rad iance  can be 
expressed as r (  0) LD ( 0 ) .  
The r e f l e c t i v i t y  of the t a r g e t  i s  obtained by eva lua t ing  the  e m i s s i v i t y  vs. 
view ang le  a r r a y  f o r  each t a r g e t  type ,  where r ( 0 )  = 1 - E  ( 0 ) .  
To t h i s  po in t  w e  have not  included the  senso rcs  s p e c t r a l  response func t ion .  
This i s  done wi th in  the LOWTRAN code by cascading the  sensor  s p e c t r a l  response 
func t ion  with the s ? e c t r a l  rad iance  t o  y i e l d  a sensor weighted i n t e g r a t e d  radiance 
corresponding t o  the  radiance sensed by the LWIR sensgr ,  i.e. 
where L ( h )  = Lg(h)  i s  the  sensor  response weighted i n t e g r a t e d  rad iance  reaching 
the  senso r  ( t h e  s u b s c r i p t  $ w i l l  be assumed i n  a l l  f u t u r e  d iscuss io i i s )  
[wcm sr 1. -2 -1 
L ( h )  i s  the  s p e c t r a l  radiance reaching the sensor  as coiaputed by the  LOTJTRAN 
-1 -1 
h 
code inco rpora t ing  the Ben-Shalom 1980 modi f ica t ion  [wcm-2sr  pn 1. 
B A  i s  the  r e l a t i v e  s p e c t r a l  respons iv i ty  of the  setisor (Markham and Barker,  
1985a) and Al and A a r e  the passband l i m i t s  of the  sensor  [pa]. 2 
A rnethod f o r  computation o f  each parameter on the r i g h t  hand s i d e  of Equation 
2.B-3 has now been def iqed.  
and view angle  the  Eollowing inpu t s  a re  requi red :  the k i n e t i c  temperature  oE the 
s u r f a c e ,  t h e  emis s iv i ty  of the  su r face  a s  a f u n c t i o n  of view angle ,  the 
atmospheric t ransmiss ion  a s  a Eunction of a l t i t u d e  (from LOWTRAN) and the  
atmospheric  temperature a s  a func t ion  of a l t i t u d e  (from radiosonde d a t a ) .  
Conversely the  temperature of any poin t  viewed from a l t i t u d e  (h)  a t  view angle  ( 0 )  
can be computed from i t s  observed radiance.  
To compute observed rad iance  a t  any a l t i t u d e  (AGL) 
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I n  t h e  a n a l y s i s  which fo l lows ,  t h i s  model w a s  used t o  p r e d i c t  t h e  r a d i a n c e  
reaching  t h e  a i r c r a f t  o r  s a t e l l i t e  sensors .  I n  a d d i t i o n ,  i t  was used i n  r e v e r s e  
t o  pred icc  k i n e t i c  temperatures  from observed r a d i a n c e  va lues .  
2.B.3 Underf l igh t  C a l i b r a t i o n  Methods 
Empir ical  d a t a  were c o l l e c t e d  using an a i r b o r n e  i n f r a r e d  l i n e  scanner .  
The scanner  was f i l c e r e d  t o  l i m i t  t h e  s p e c t r a l  bandpass t o  8 - 1 4 m .  
i i l t e r  which attempted t o  match t h e  TM sensor  more p r e c i s e l y  w a s  a l s o  flown, 
but t h e  reduced Dandpass introduced s e r i o u s  n o i s e  proolems).  The use of an 
i n t e r n a l  blackbody c a l i b r a t i o n  system p e r m i t s  measurement of t h e  observed 
rad iance  irom t h e  image records.  This process  i s  i l l u s t r a t e d  i n  Figure 2.B-7. 
This system permits measurement of t he  v a l u e  L(h,O) i n  Equation 2.B-3 from 
thermal images. 
( A  narrow 
Schot t  (1979) descr ibed  an empir ica l  procedure t h a t  uses  r a d i a n c e  v a l u e s  
O D S e r V e d  a t  m u l t i p l e  a l t i t u d e s  over the same c a r g e t  t o  compute va lues  of T and 
For convenience,  v e r t i c a l  viewing is assumed reducing Equation 2.B-3 t o :  
LU* 
where; Li(h,O) i s  t h e  rad iance  observed v e r t i c a l l y  a t  a l t i t u d e  h f o r  t a r g e t  i. 
~ ( h , 0 )  is t h e  v e r t i c a l  t ransmission from t h e  e a r t h  t o  t h e  s e n s o r .  
L.(O,O) i s  t h e  rad iance  a sensor a t  the s u r f a c e  would observe from t h e  
1 t h  i t a r g e t  ( i . e .  Li(O,O) = c(0)LTi + r(0)LD) . 
LU(h,O) i s  t h e  upwelled v e r t i c a l  pa th  r a d i a n c e  t o  t h e  sensor  a t  
a l t i t u d e  h. 
By observing a n  o b j e c t ' s  rad iance  a t  each of s e v e r a l  a t l t i t u d e s ,  a p l o t  of 
rad iance  vs a l t i t u d e  can be generated as shown i n  Figure 2.8-8. The v a l u e  of 
L.(O,O) can be  found by e x t r a p o l a t i n g  from t h e  p l o t  of F igure  2.B-8 t o  z e r o  
a l t i t u d e .  By r e p e a t i n g  t h i s  procedure f o r  o b j e c t s  of d i f f e r i n g  r a d i a n c e ,  i t  
is  p o s s i b l e  t o  e s t a b l i s h  a d a t a  s e t  c o n s i s t i n g  of r a d i a n c e  observed a t  t h e  
sensor  a l t i t u d e  L(h,O) and rad iance  a t  t h e  s u r f a c e  L(0,O). Linear r e g r e s s i o n  
of Li(O,O) on Li(h,O) y i e l d s  a s l o p e  equal t o  t h e  atmospheric  t ransmiss ion  
over  t h e  oandpass sensed and an i n t e r c e p t  e q u a l  t o  t h e  p a t h  rad iance  LU(h,O). 
The rad iance  from t h e  s u r f a c e  f o r  any v i e w  angle  can then  b e  computed s i n c e  
1 
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and 
L (h,O)secO* (2.B-11) 
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L (h,O) z T ( ~ , O )  
U 
It is a l s o  poss io l e  t o  compute the va lue  of LD i f  an o b j e c t  such as water, 
whose angu la r  e m i s s i v i t y  i s  known, i s  viewed a t  two a n g l e s .  If t h i s  same 
o b j e c t  i s  viewed a t  two d i s t i n c t  ang le s ,  then equa t ion  2.B-3 can De so lved  DY 
s u b s t i t u t i o n  of L l eav ing  $ as t h e  only unknown. T 
Schot t  ( 1979) has demonstraced t n a t  t h i s  p r o f i l e  technique  is qu ice  
workable f o r  removing atmospheric e f f e c t s  i n  t h e  8-14 p m  s p e c t r a l  reg ion .  I n  
p a r t i c u l a r ,  b l ind fo ld  tests conducted over s e v e r a l  days y i e lded  s t anda rd  
e r r o r s  of 0.4OC when p red ic t ed  temperatures were compared wi th  observed 
k i n e t i c  temperature va lues .  Because of tnis demonstrated accuracy, Schoct 's  
m u l t i p l e  a l t i t u d e  technique f o r  computing atmospheric t r ansmiss ion  and pa th  
rad iance  w i l l  D e  used as t h e  s t anda rd  f o r  e v a l u a t i n g  t h e  va lues  oota ined  by 
LOWTRAN and f o r  gene ra t ing  l a r g e  a r e a  water tempera ture  va lues  o r  p r e d i c t e d  
rad iances .  
2.C Experimental Design 
The p r i m a r y  t h r u s t  of t h e  experiment involved near simultaneous ground 
t r u t h  and s a t e l l i t e  d a t a  c o l l e c t i o n .  On two occas ions ,  once f o r  TM4 and once 
f o r  TM5, water  temepratures from grab  samples were a v a i l a b l e  from t h e  Canada 
Center f o r  Inland Waters. However, t h e  major source  of ground t r u t h  data were 
intended t o  b e  from LWIR scanner  d a t a  obtained from simultaneous u n d e r f l i g h t s  
( c . f .  F igure  2.C-1). These data were t o  be acqui red  over reg ions  o t  t h e  
l a i t e n t i a n  g r e a t  l a k e s  where l a r g e  a reas  of uniform temperature could D e  
expected and where l a r g e  thermal d i f t e r e n c e s  would occur. Water w a s  
des igna ted  t h e  i d e a l  t a r g e t  because of i ts  h igh  thermal i n e r t i a .  F igure  2.C-2 
shows a TM6 f u l l  scene image of  Lake Ontario when che s p r i n g  thermal b a r  i s  
w l l  developed. This is a n  i d e a l  target because of t h e  l a r g e  thermal 
*approximation v a l i d  f o r  l a r g e  T ,  i .e. for atmospheric windows and s h o r t  pa th  
l e n g t h s  . 
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d i f f e r e n c e s  and l a r g e  r eg ions  of water a t  cons t an t  temperature.  Rea l i z ing  
t h a t  t h e  thermal b a r  only lasts seve ra l  weeks, s u b t l e  thermal d i f f e r e n c e s  and 
the l and  water i n t e r f a c e  reg ion  were a l s o  accepted  as t a r g e t  areas. The 
u n d e r f l i g h t s  were scheduled a t  t h e  same t i m e  as t h e  s a t e l l i t e  overpass  wi th  
f l i g h t  l i n e s  a t  a series of a l t i t u d e s  pe rpend icu la r  t o  the  southern  s h o r e l i n e  
of Lake Ontar io .  Figure 2 . C - 3  i l l u s t r a t e s  t h e  coverage reg ion  of a t y p i c a l  
u n d e r f l i g h t .  Also obta ined  a t  t h e  time of t h e  u n d e r f l i g h t  were atmospheric 
d a t a  from t h e  n e a r e s t  a i r p o r t  where radiosondes were r e l e a s e d ,  as w e l l  as 
l o c a l  s u r f a c e  tempera ture ,  dew p o i n t  and barometr ic  p re s su re .  
The s u r f a c e  t r u t h  d a t a  and u n d e r f l i g h t  d a t a  were t o  be combined t o  
gene ra t e  t h e  f u l l  ground temperature set .  These v a l u e s  were t o  be d i r e c t l y  
compared t o  tempera tures  genera ted  by a n a l y s i s  of t h e  observed sa te l l i t e  
rad iance  and atmospheric propagat ion  models. This would e v a l u a t e  how w e l l  t h e  
s a t e l l i t e  system could p r e d i c t  su r f ace  tempera tures .  In a d d i t i o n ,  t h e  s u r f a c e  
temperatures could be used t o  p r e d i c t  r ad iance  a t  t h e  spacecraft us ing  t h e  
propagation models and t h e o r e t i c a l  approach d i scussed  i n  Sec t ion  2 . B .  These 
rad iances  could be compared wi th  satell i te observed r ad iance  t o  e v a l u a t e  
s p a c e c r a f t  performance. 
In a d d i t i o n ,  t h e  a b i l i t y  t o  compute atmospheric propagat ion  parameters 
such as t r ansmiss ion  and upwelled radiance was t o  b e  t e s t e d .  B y  f l y i n g  t h e  
aerial  LWIR system a t  a series of a l t i t u d e s ,  t h e  pa th  rad iance  and 
t ransmiss ion  could be computed a f t e r  the method of Scho t t  1979. ( c . f .  
Appendix A )  Analysis of LOWTRAN d a t a  ind ica t ed  t h a t  t h e  eEfec t ive  atmospheric 
depth was of t he  o rde r  of 6-8 ki lometers .  It shou ld ,  t h e r e f o r e ,  be p o s s i b l e  
to  measure the  atmosphere's impact near ly  t o  t h i s  l i m i t  and compare t h e  
modeled vaLues w i t h  empi r i ca l  vaLues as i l l u s t r a t e d  i n  F igure  2.C-4. This 
would p e r m i t  an  assessment of t h e  errors a s s o c i a t e d  wi th  t h e  LaWTRAN 
propagat ion  code. This is requ i r ed  t o  a t tempt  t o  i s o l a t e  e r r o r s  i n  s u r f a c e  
temperatures p red ic t ed  by t h e  s a t e l l i t e  o r  r ad iances  observed by t h e  sa te l l i t e .  
The experiment was a l s o  designed t o  e m p i r i c a l l y  measure atmospheric 
propagation parameters t o  t h e  spacec ra f t  i n  tile TM band 6 spectral bandpass. 
This is accomplished by computing t h e  TM band 6 i n  band su r face  rad iance  
a s soc ia t ed  wi th  su r face  temperature measured by t h e  a i r c ra f t .  If chese are 
reg res sed  a g a i n s t  t h e  s u r f a c e  rad iance  va lues  observed by t h e  TM band 6 
s e n s o r ,  t he  s lope  and i n t e r c e p t  y i e l d  the  a tmospher ic  t ransmiss ion  and p a t h  
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rad iance  r e s p e c t i v e l y  according t o  equat ion  2.B-9 (N.B. t h i s  assumes t h e  TM 
band 6 c a l i b r a t i o n  is c o r r e c t ) .  These e m p i r i c a l l y  d e r i v e d  va lues  can also b e  
compared t o  t h e  va lues  oDtaLned i n  t h e  TM Dand 6 passband us ing  t h e  LOWTRAN 
propagat ion model. 
The next  s e c t i o n  d e s c r i b e s  t h e  c o l l e c t i o n  and a n a l y s i s  e f f o r t  t h a t  
r e s u l t e d  from t h i s  experimental  design. 
2 . D  Data C o l l e c t i o n  and Anaiysis  
This  sect ion d e s c r i b e s  t h e  ins t rumenta t ion  and procedures  used i n  
a c q u i r i n g  and processing t h e  s a t e l l i t e ,  a i rc raf t ,  radiosonde and ground t r u t h  
samples. 
2.D.t Data C o l l e c t i o n  
T a b l e  2.D-1 conta ins  a l i s t i n g  of t h e  d a t e s  and types of d a t a  acqui red  on 
t h i s  e f f o r t .  The radiosonde d a t a  were a l l  acquired a t  Buffa lo ,  NY and t h e  
s u r f a c e  meteorological  d a t a  were acquired a t  Rochester ,  NY. The water s u r f a c e  
temperature  va lues  were obta ined  by t n e  CCIW as p a r t  of s tandard  scheduled 
c r u i s e s  on t h e  g r e a t  l a k e s .  These da t a  were obtained as grab  samples a t  
p r e s e l e c t e d  l o c a t i o n s  over a s e v e r a l  day per iod encompassing t h e  sa te l l i t e  
overpass .  
The aer ia l  LWIR d a t a  were acquired with RIT's i n f r a r e d  scanning system 
f lown i n  a c h a r t e r e d  Aztec C a i r c r a i t .  The scanner has a 1 m i l l i r a d i o n  
ins tan taneous  f i e l d  of view (IEOV), and a t o t a l  f i e l d  of view of 
opera ted  wi th  a thermally c o n t r o l l e d  blackbody and uses  a p o i n t  s l o p e  
c a l i b r a t i o n  method r e q u i r i n g  r e g u l a r  c a l i b r a t i o n  of t h e  syscem ga in .  The 
systems 8-14 urn s p e c t r a l  response func t ion  is  shown i n  Figure 2.D-1. Data 
were a l s o  c o l l e c t e d  using a narrower s p e c t r a l  r i l t e r  matched t o  t h e  sa te l l i t e  
response f u n c t i o n ,  but t h e  reduced s i g n a l  l e v e l  precluded t h e  use of t h e s e  
da t a .  The system writes photographic  imagery while c o l l e c t i n g  and employs a 
FM t a p e  record ing  syscem f o r  Dackiip. Figure 2.D-2 shows a schematic  of che 
d a t a  c o l l e c t i o n  system. A sample image and t h e  corresponding sa te l l i t e  
subscene are shown i n  Figure 2.D-3. 
120'. It i s  
Appendix B conta ins  f l i g h t  l o g s  and p e r t i n e n t  d a t a  used i n  che a n a l y t i c a l  
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2.D.2 S a t e l l i t e  Data Analysis 
The sa te l l i t e  d a t a  a n a l y s i s  cons i s t ed  of i d e n t i f y i n g  scene coord ina te s  
corresponding t o  ground t r u t h  d a t a ,  observing t h e  d i g i t a l  count at t h a t  
l o c a t i o n  and conver t ing  t h e  d i g i t a l  count t o  rad iance  wi th in  t h e  bandpass. 
All process ing  was done us ing  CCT P tapes .  
The scene  coord ina te s  were i d e n t i f i e d  from L a t i t u d e  and long i tude  
informat ion  corresponding t o  each ground t r u t h  sample oota lned  trom t h e  CCIW. 
Coordinate t ransforms were genera ted  using w e l l  de f ined  f e a t u r e s  on t h e  
r e f l e c t e d  channel images and assuming geometrlc r e g i s t r a t i o n  between channels .  
The v a l i d i t y  of t h i s  assumption i s  documented OY Malaret e t  a l .  1985. The 
Location of image coord ina te s  f o r  t h e  u n d e r t l i g h t  p o i n t s  was done us ing  a 512 
x 512 p i x e l ,  image subscene, i nco rpora t ing  the  r eg ion  imaged i n  the 
u n d e r f l i g h t .  By v i s u a l  a n a l y s i s  of t h e  aerial LWIR image and the TM band 6 
image corresponding p o i n t s  were i d e n t i f i e d .  
Once t h e  p o i n t s  of i n t e r e s t  were i d e n t i f i e d ,  d i g i t a l  count va lues  were 
obta ined .  These va lues  were then  converted t o  mean rad iance  w i t h i n  t h e  
bandpass us ing  t h e  header c a l i b r a t i o n  data supp l i ed  by NASA, i . e .  
L = LX(X2-") f DC (Rmax-Rmin>/255 +%in ( x ~ - x ~ )  (2.D-1) 
where L is  t h e  olackoody equ iva len t  radiance wi th in  t h e  bandpass i n c o r p o r a t i n g  
sensor response c h a r a c t e r i s t i c s  [mWcm-'sr-l 1 .  
L A  i s  t h e  mean spectral  rad iance  over the  bandpass of i n t e r e s t  
-1 -1 inco rpora t ing  t h e  sensor response func t ion  [mWcm-'sr p m 1 .  
Rmax and R . are t h e  maximum and minimum scene  s p e c t r a l  r ad iance  va lues  m i  n 
read from t h e  CCT header [mWcxn-2sr-1p-1] (1.e. they are t h e  fundamental 
c a l i m a t i o n  c o n s t a n t s  as desc r ibed  by Barker e t  al. 1985). 
X and A 2  ace the  wavelength l i m i t s  of t h e  passband as d e f i n e d  by Markham 1 
and Barker 1985 [ p m ] .  
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A .  
B. 
2.D-3 Thermal Infrared Ima es a. Aerial Line Scan Ima e of Lake 
Ontario Shoreline, b. B M Subscene of the Lake 8 ntario 
Shoreline [N. B. the aerial image has considerable geometric 
distortion] 
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The rad iance  va lues  a t  t h e  sensor  can oe converted t o  apparent  temperature  
by r e v e r s e  s o l u t i o n  of t h e  Planck t a d i a r i o n  equat ion .  This  was accompiished 
on t h i s  s tudy  by piecewise l i n e a r  i n t e r p o l a t i o n  of a lookup t a b l e  c o n s i s t i n g  
of rad iance  and temperature  v a l u e s  i n  1 K  s t e p s .  The rad iance  va lues  were 
generated by a Simpson's r u l e  s o l u t i o n  of t h e  Planck equat ion .  This 
conversion could a l s o  employ t h e  method suggested by Lansing and Barker 1985 
f o r  TM4 Band 6 where: 
T = K2/[Ln(K1/L -111 (2.D-2) 
where ; 
L = s p e c t r a l  radiance mWcrn-2sr-1pm-1 
K, = 67.162[mW~rn-~sr-$m-'] and K, = 1284.3K f o r  TM4 
= 60.776[~W~cm-~sr-'pm-'] and K L  = 1260.56K f o r  TM5 (NASA 1984) 
K1 2 
This  approach, w h i l e  no t  used here ,  is  i n  good agreement with t h e  more 
exact  approach used over t h e  approximately 20K range i n  temperature  observed 
i n  t h i s  s tudy.  
The rad iance  and apparent  temperature va lues  analyzed by t h i s  method could 
then D e  used i n  comparison w i t h  under f l igh t  and s u r f a c e  rad iance  v a l u e s  using 
t h e  methods descr ibed  earlier. In p a r t i c u l a r  equat ion  2.R-9 could b e  solved 
f o r  t h e  s u r f a c e  rad iance  assoc iaced  w i t h  each p o i n t  DY u t i l i z i n g  t h e  
t r a n s a i s s i o n  and path rad iance  va lues  obtained from t h e  atmospheric 
propagat ion mode 1. 
2.D.3 Surface Truth Data Analysis  
Figure 2.D-4 shows an example of the  CCIW sampling s t a t i o n ' s  used f o r  t h e  
13 S e p t .  1982 Landsat 4 overpass .  The s u r f a c e  g r a b  sample data must oe 
t r e a t e d  w i t h  cons iderable  caut ion .  Under t h e  b e s t  of c i rcumstances ,  i t  
r e p r e s e n t s  a p o i n t  reading which must be c o r r e l a t e d  w i t h  t h e  reading trom t h e  
2M band 6 sensor  which i n t e g r a t e s  Over a 14,400 m2 area. 
g r a b  samples are usua l ly  an i n t e g r a t i o n  of t h e  f i r s t  few cent imeters  t o  t ens  
of c e n t i m e t e r s  o t  water temperature .  F i n a l l y ,  f o r  the  data a v a i l a b l e  here, 
t h e  sample times may have been up t o  48 hours d i f f e r e n t  than t h e  sa te l l i t e  
sample rime. AJ.I of t h e s e  f a c t o r s  must be  considered when these o r  any o t h e r  
p o i n t  sampling data are u t i l i z e d .  In  g e n e r a l ,  w e  would expect  t h e  s u r f a c e  
Ia a d d i t i o n ,  t h e  
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d a t a  t o  e x h i b i t  g r e a t e r  dynamic range than t h e  temperature  p r e d i c t e d  by t h e  
s a t e l l i t e .  This  i s  Decause t h e  l o c a l  area thermal extremes sensed by t h e  g r a b  
samples w i l l  be  i n t e g r a t e d  wi th  more moderate temperature  r e g i o n s  by t h e  l a r g e  
f o o t p r i n t  of t h e  Band 6 sensor .  
Given t h e s e  c o n s i d e r a t i o n s ,  we f e l t  t h a t  s u r f a c e  t r u t h  d a t a  should only b e  
used wi th  caut ion .  
2.D-4 Aerial LWIR Image Analysis  
Analysis  of t h e  LWIR aer ia l  imagery involves  conversion of recorded f i l m  
d e n s i t y  t o  observed rad iance  o r  apparent  temperature  and then use of t h e  
t h e o r e t i c a l  approach discussed e a r l i e r .  
Photographic d e n s i t i e s  were read using e i t h e r  macro o r  micro dens i tometers  
a v a i l a b l e  a t  RIT. All d e n s i t y  readings were c o r r e c t e d  t o  double d i f f u s e  
d e n s i t y  va lues  t o  account f o r  s l i g h t  d i f f e r e n c e s  i n  o p t i c a l  d e n s i t y  f o r  
d i f f e r e n t  devices .  (These d i r f e r e n c e s  r e s u l t  from d i f f e r e n t  o p t i c a l  
geometries i n  the  measurement device .) Fi-sure 2 .B-7 i l l u s t r a t e s  t h e  process  
of conver t ing  d e n s i t y  t o  apparent  radiance.  The f i l m  d e n s i t y  is t h e  r e s u l t  of 
f i l m  exposure and photographic processing e f f e c t s .  The f i l m  exposure i s  
varied by apply ing  a vol tage  t o  t h e  glow modulator tube  used i n  w r i t i n g  the 
fiLm. In f l i g h t ,  a set of known vol tages  are a p p l i e d  t o  t h e  glow modulator 
tube and d e n s i t y  s t e p s  recorded. These s t e p s  are used t o  genera te  a 
densi ty-vol tage curve which combines the top two curves  i n  F igure  2 . B - 7 .  The 
d e n s i t y  v o l t a g e  curve is  i n t e r p o l a c e d  i n  a piecewise l i n e a r  f a s h i o n  t o  compute 
vol tage  l e v e l s .  The vol tage  t o  radiance r e l a t i o n s h i p  is  l i n e a r  f o r  any f i x e d  
g a i n  s e t t i n g .  The form or t h e  r e l a t i o n s h i p  is  e s t a b l i s h e d  s e p a r a t e l y  f o r  each 
set of scanner  s e t t i n g s  used i n  f l i g h t .  The r e l a t i o n s h i p  can be expressed as: 
L = g V+b ( 2 .D-3) 
where ; 
L i s  t h e  radiance reaching t h e  sensor [wcm-2sr-l] 
g is  t h e  sensor  g a i n  L/ V e s t a b l i s h e d  dur ing  p r e f l i g h t  c a l i b r a t i o n  f o r  
each g a i n  s e t t i n g .  
b is t h e  rad iance  i n t e r c e p t  cont ro l led  by t h e  DC r e s t o r e  Level of t h e  
sensor  which is  reterenced t o  t h e  blackoodg. 
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Thus, knowing the  blackbody s e t t i n g  cor responding  t o  a known rad iance  and 
t h e  g a i n  s e t c i n g ,  equa t ion  2.D-3 can b e  so lved  by t h e  po in t  s lope  method. 
This c a l i b r a t i o n  is q u i t e  p r e c i s e  because t h e  Dlackbody i s  in t roduced  i n t o  t h e  
o p t i c a l  t r a i n  ahead of t h e  f i r s t  o p t i c a l  element so t h a t  a l l  near  f i e l d  
r a d i a t i o n  by t h e  o p t i c s  i s  inc luded  i n  t h e  c a l i b r a t i o n  process .  
d e n s i t y  t o  v o l t a g e  s t e p  t a b l e  generated i n  f l i g h t ,  and t h e  v o l t a g e  t o  r ad iance  
r e l a t i o n s h i p  der ived  from g a i n  and blackbody s e t t i n g ,  any scene d e n s i t y  o r  t h e  
corresponding s i g n a l  l e v e l  recorded on magnetic tape can be converted t o  t h e  
rad iance  reaching  the  senso r .  
Using t h e  
During d a t a  c o l l e c t i o n ,  t h e  scanner images a set of o b j e c t s  a t  s e v e r a l  
a l t i t u d e s  ranging trom f l i g h t  a l t i t u d e  t o  near ground l e v e l  (150m). As 
i n d i c a t e d  i n  t h e  t h e o r e t i c a l  d i s c u s s i o n ,  t h e  r ad iance  f o r  each of t h e  o b j e c t s  
used i n  t h i s  set i s  p l o t t e d  a g a i n s t  a l t i c u d e  and e x t r a p o l a t e d  t o  ground l e v e l  
f o r  use  i n  the  computation of atmospheric t r ansmi t t ance  and upwelled r ad iance .  
As seen i n  F igure  2.D-5, t h e  shape of the  curve used t o  e x t r a p o l a t e  t o  ground 
rad iance  i s  n o t  always obvious and v a r i e s  cons ide rab ly  wi th  rad iance  l e v e l .  
In o r d e r  t o  d e f i n e  a n  a p p r o p r i a t e  curve shape ,  t h e  modified LOWTRAN model 
descr ibed  earlier and d e t a i l e d  i n  Schott  1983 w a s  e x e r c i s e d  t o  compute 
rad iance  as a func t ion  of a l t i t u d e  f o r  s e v e r a l  s u r f a c e  rad iance  v a l u e s .  The 
curves i l l u s t r a t e d  i n  Figure 2.D-6 were then  s l i d  a long  the  r ad iance  or 
apparent  tempera ture  axis  dnd eva lua ted  f o r  goodness of f i t  w i t h  each  d a t a  
set .  The b e s t  E i t t i n g  curve f o r  each  o b j e c t  w a s  l o c a t e d  us ing  least  s q u a r e s  
methods and used t o  e x t r a p o l a t e  t o  the  expected s u r f a c e  rad iance .  I n  t h i s  way 
t h e  phenomenological form of the  LOWTRAN model could be used wi thout  r e l y i n g  
on i ts  a b s o l u t e  f i d e l i t y .  We feel  thac t h i s  is  a s igni f icant . improvement  i n  
the  p r o f i l e  method over t h e  v i s u a l  o r  s t r a i g h t  l i n e  e x t r a p o l a t i o n s  p rev ious ly  
used. 
Using t h i s  p r o f i l e  approach, cransmission and p a t h  rad iance  va lues  were 
computed f o r  each a l t i t u d e  of i n t e r e s t .  Downwelled rad iance  w a s  computed from 
modeled parameters as descr ibed  i n  Section 2 .B .2 .  These va lues  were then  used 
t o  compute s u r r a c e  rad iance  o r  apparent s u r f a c e  temperature va lues  f o r  
comparison w i t h  t h e  sa te l l i t e  de r ived  data. 
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2 . D . 5  Appl ica t ion  of t h e  LOWTRAN Node!- 
The LOWTRAN 5A model i s  descr ibed  i n  more d e t a i l  i n  Sec t ion  2.B. The 
model used here  was modiried t o  incorpora te  t h e  s p e c t r a l  response of t h e  
sensor  and t h e  s c a t t e r i n g  c o r r e c t i o n  suggested by Ben-Shalom e t  a l .  1980. The 
importance of t h i s  c o r r e c t i o n  is i l l u s t r a t e d  i n  F igure  2.D-7 f o r  t h e  i n p u t  
d a t a  l i s t e d  i n  T a b l e  2.D-2. 
T h i s  f i g u r e  i l l u s t r a t e s  t h a t  without t h i s  c o r r e c t i o n  t h e  upwelled rad iance  
a t  very h igh  a l t i t u d e s  cont inuous ly  decays i n  a n  u n r e a l i s t i c  f a s h i o n  f o r  c h i s  
passband. This  would cause t h e  o v e r a l l  rad iance  t o  decay in an i d e n t i c a l  
f a s h i o n  s i n c e  t h e  t ransmiss ion  term, and t h e r e f o r e  t h e  source  rad iance  term, 
are e s s e n t i a l l y  c o n s t a n t s  above 7 t o  15 Km. 
For each d a t a  set analyzed,  t h e  7 a.m. radiosonde d a t a  a t  Buffa lo ,  NY were 
used t o  c h a r a c t e r i z e  t h e  atmosphere approximately 2 1 /2  hours  l a te r  s i x t y  
miles east near  Rochester ,  NY. I n  order  t o  account f o r  t h i s  d i f f e r e n c e ,  t h e  
s u r f a c e  a i r  temperature ,  dew p o i n t  temperature,  etc.  a t  Rochester are used t o  
a d j u s t  t h e  radiosonde v a l u e s  as i l l u s t r a t e d  i n  F igure  2.D-8. The importance 
of t h i s  c o r r e c t i o n  i s  i l l u s t r a t e d  i n  Figure 2.D-9 where t h e  expected apparent  
temperature  as a f u n c t i o n  of a l t i t u d e  are shown f o r  t h e  c o r r e c t e d  and 
uncorrected cases. The apparent  temperatures observed by rrhe a e r i a l  l i n e  
scanner  are a l s o  shown. It i s  clear from t h i s  example t h a t  very  c a r e f u l  
a t t e n t i o n  must b e  paid t o  proper ly  c h a r a c t e r i z i n g  t h e  atmosphere i f  r a d i a t i o n  
propagat ion models are LO D e  used with any accuracy.  
It  i s  important t o  recognize t h a t  t h e  mean i n t e g r a t e d  t ransmiss ion  
computed by t h e  basic LOWTRAN code cannot i n  g e n e r a l  b e  d i r e c t l y  u t i l i z e d .  
Rather t h e  e f f e c t i v e  rad iance  reaching t h e  s e n s o r ,  inc luding  s p e c t r a l  
c o r r e c t i o n s  t o r  sensor  response,  must D e  computed t o r  s e v e r a l  va lues  over  t h e  
rad iance  range of i n t e r e s t .  The sur face  rad iance  i n c o r p o r a t i n g  t h e  sensor  
response is a l s o  computed f o r  t h e s e  same rad iance  va lues .  The r e g r e s s i o n  of 
expected r a d i a n c e  a t  t h e  s e n s o r  versus  s u r f a c e  rad iance  y i e l d s  t h e  e f f e c t i v e  
t ransmiss ion  and pa th  rad iance  as the s l o p e  and i n t e r c e p t  r e s p e c t i v e l y .  T h i s  
approach was u t i l i z e d  f o r  a l l  t h e  s t u d i e s  repor ted  h e r e .  In  g e n e r a l ,  t h e  
e f f e c t i v e  va lues  are only s l i g h t l y  d i f f e r e n t  than t h e  mean va lues  because t h e  
atmospheric  t ransmiss ion ,  sensor  response and DlaCkDOdy spectral rad iance  are 
a l l  reasonable  w e l l  behaved func t ions  of wavelength over  t h e  sensor  passDand 
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2.0-7 Sample Plot of Path Radiance and Transmission as a Function 
of Altitude 
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TABLE 2.D-2 - Input Data fo r  L D W "  code 
Radiosonde Input Data f o r  8/14/78 - 7 2.m. EDT Buffalo 
ALTITUDE (km) PRESSURE (mb) TEMPERATURE ( OC ) 
3.215 994.5 30.0 
0.984 912.0 22.9 
1.313 878.9 19 *0 
1.591 850.0 16.9 
1.763 833 .O 16.7 
1.929 817 .O 16.5 
2.452 768 .O 12.8 
2.618 753.0 12.6 
2.923 726 .O 10.4 
3.950 715.0 9.3 
3.226 700.0 8.4 
3.526 675 .O 6.3 
3.809 652 .O 4 .r3 
3 .a85 646 .O 3.9 
4.128 427 .O 5.1 
4.299 614 .O 3.5 
4.512 598 .O 2.4 
5.794 509 .o -6.0 
5.934 500 .O -4.0 
4.188 484 .O -7.5 
6.350 474.0 -8.4 
7.645 400.0 -17.3 
9.296 319.0 -30.7 
9.590 306 .O -33.5 
Airport 
DEW POINT ( OC ) 
16.1 
12.7 
12.7 
10.9 
4.6 
2.8 
1.4 
2.3 
3.5 
3.2 
2.1 
0.3 
-0.8 
-2.1 
-11.7 
-12.1 
-27.6 
-36.0 
-36 .O 
-37.5 
-38 -4 
-47.3 
-60.7 
-36.0 
A value of IHAZE = 1 was used corresponding to a Rural Aerosol node1 with 23km 
v i s  i bil i t y . 
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2. D-8 Sample Radiosonde Plot Showing Extrapolated Curve to 
Match Observed Surface Temperatures 
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2. D-9 Profile and Modeled Values of Apparent Temperature versus 
Altitude Showing the Importance of Correctly Defining the 
Atmosphere 
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as i l l u s t r a t e d  i n  Figure 2.D-10. 
The f inaL e f f e c t i v e  atmospheric  t ransmission and p a t h  rad iance  terms 
obta ined  i n  t h i s  f a s h i o n  are then  used t o  compute t h e  rad iance  a t  t h e  sensor .  
f o r  a g iven  rad iance  o r  apparent  temperatura a t  the ground. They are also 
used i n  r e v e r s e  t o  p r e d i c t  s u r f a c e  radiance v a l u e s  from satel l i te  ooserved 
rad iance  va lues .  F i n a l l y ,  t h e y  were used f o r  comparison w i t h  t h e  e m p i r i c a l l y  
der ived  v a l u e s  obtained using t h e  p r o f i l e  technique on t h e  u n d e r f l i g h t  d a t a .  
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2. D-10 Spectral Radiance, Transmission and Responsivity for 
Thematic Mapper Band 6 
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SECTION 111 
Resul t s  
Drawing on t h e  t e c h n i c a l  approach and a n a l y t i c a l  mechcrds d i scussed  i n  t h e  
prev ious  s e c t i o n s ,  the  r ad iomet r i c  q u a l i t y  of t h e  TM band 6 d a t a  were 
eva lua ted .  This  s e c t i o n  c o n t a i n s  the  r e s u l t  of t h a t  e f f o r t  i n  terms of 
r e s i d u a l  e r r o r s  i n  temperatures on the ground and e r r o r s  i n  t h e  a tmospher ic  
propagat ion  models. Methods of processing and d i s p l a y  oi che thermal d a t a  i n  
conjunct ion  wi th  t h e  r e f l e c t e d  bands a r e  a l s o  presented .  
3.A Res idua l  Z r ro r s  
The Landsat "4 band 6 d a t a  were processed t o  k i n e t i c  s u r f a c e  tempera ture  
o r  apparent  r ad iomet r i c  s u r f a c e  temperature us ing  t h e  methods d i scussed  i n  t h e  
previous s e c t i o n s .  K ine t i c  temperatures were computed on ly  f o r  water t a r g e t s  
where an  e m i s s i v i t y  of 0.986 was assumed f o r  water. The r e s u l t i n g  va lues  are 
p l o t t e d  i n  F igures  3.A-1 through 3.A-4 f o r  t h e  four  d a t e s  s t u d i e d .  F igure  
3.A-1 shows t h e  only Landsat 4 data s tud ied  and c o n t a i n s  only  ground t r u t h  
d a t a  from g r a b  samples. These d a t a  a re  i n  very good agreement, however, they 
cover a r a t h e r  small dynamic range .  In a d d i t i o n ,  t h e  sa te l l i te  d a t a  tend t o  
show a smaller dynamic range than  t h e  g rab  samples. This  is c o n s i s t e n t  w i th  
what would be expected from t h e  i n t e g r a t i n g  e f f e c t  of t h e  r e l a t i v e l y  l a r g e  
s a t e l l i t e  f o o t p r i n t .  
The d a t a  from 6/22/84 p l o t t e d  i n  Figure 3.A-2 show t h e  u n d e r f l i g h t  de r ived  
temperacures i n  good agreemenc wi th  the sa te l l i t e  de r ived  va lues .  
d i screpancy  wi th  t h e  grab  sample d a t a  i s  observed ,  a l though t h e s e  d a t a  show a 
g r e a t e r  dynamic range i n  t h e  s a t e l l i t e  d a t a  than t h e  s u r f a c e  d a t a .  Even wi th  
a l l  t h e  problems a s soc ia t ed  wi th  grab  samples ,  i t  i s  d i f f i c u l t  t o  i d e n t i f y  a 
p o t a n t i a l  sou rce  f o r  t h i s  phenomena o ther  than  t h e  t i m e  d i f f e r e n c e  between 
Again a 
sampling and satel l i te  overpass .  In g e n e r a l ,  we  b e l i e v e  t h a t  t h e  v a r i e t y  of 
e r r o r s  a s s o c i a t e d  wi th  t h e  a v a i l a b l e  g r a b  sample  d a t a  make i t  u n s u i t a b l e  f o r  
a c c u r a t e  c a l i b r a t i o n .  In l i g h t  of t h i s ,  t h e  remaining a n a l y s i s  concen t r a t ed  
on t h e  u n d e r f l i g h t  s u r f a c e  temperatures.  The 6/22/84 d a t a  show an RMS e r r o r  
between the  s a t e l l i t e  p red ic t ed  values and t h e  aer ia l ly  de r ived  tempera tures  
of 2.82K over a range of approximately 25K f o r  20 p o i n t s .  
t h e s e  computations on each  d a t e  a r e  contained i n  Appendix C. 
g e n e r a l l y  good agreement w i t h  only a f e w  poincs a c  t h e  h lgh  extreme of the  
The raw d a t a  f o r  
The d a t a  a r e  i n  
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d a t a  set exhiDicing s i g n i t i c a n t  e r r o r s .  The average v a l u e  of t h e  d i f f e r e n c e s  
between t h e  two sets of p r e d i c t e d  values  i s  +0 .97Kindica t ing  a b i a s  i n  t h e  
d a t a  wi th  t h e  s a t e l l i t e  p r e d i c t e d  values  s l i g h t l y  h igher  than  a i r c r a f t  der ived  
va lues .  I n  o r d e r  t o  e v a l u a t e  t h e  r e l a t i o n s h i p  between t h e  aerial and 
sa te l l i t e  p r e d i c t e d  v a l u e s ,  a l i n e a r  regress ion  a n a l y s i s  w a s  performed on t h e  
d a t a  set .  The s l o p e ,  i n t e r c e p t  and R va lue  f o r  t h e  d a t a  set were 1.101, -29 
and 0.92 r e s p e c t i v e l y .  If f o r  t h e  moment one assumes no e r r o r  i n  t h e  a i r c r a f t  
d a t a ,  then  t h e  i n t e r p r e t a t i o n  of t hese  parameters would proceed as fol lows.  
The s l o p e  g r e a t e r  than u n i t y  i n d i c a t e s  t h a t  e i t h e r  t h e  estimate of armospheric 
t ransmiss ion  i s  s l i g h t l y  low o r  t h a t  t he  g a i n  on t h e  s a t e l l i t e  w a s  higher  than  
i t  w a s  bel ieved t o  be.  The b i a s  toward h igh  s a t e l l i t e  p r e d i c t i o n s  could 
r e s u l t  from underest imat ing t h e  magnitude of t h e  upwelled rad iance  o r  from a 
corresponding high bias i n  t h e  satell i te i n t e r n a l  C a l i b r a t o r .  We w i l l  d i s c u s s  
t h e  l ike lyhood of t hese  types  of e r r o r s  occurr ing  i n  t h e  next  s e c t i o n .  
2 
T a b l e  3.A-1 c o n t a i n s  a l i s t i n g  of t hese  same t y p e s  o f  parameters f o r  a l l  
t h e  d a t e s  s t u d i e d ,  i n c l u d i n g  combinations of t h e  d a t e s  f o r  the  Landsat 5 
a i r c r a f t  p r o f i l e  results. These combined d a t a  are p l o t t e d  i n  Figure 3.A-5. 
Note t h a t  t h e  1 0 / 6 / 8 4  d a t a  are comprised of on ly  two p o i n t s .  These d a t a  were 
genera ted  from an a i rc raf t  f l i g h t  t h e  day p r i o r  t o  t h e  sa te l l i re  overpass  and 
r e p r e s e n t  t h e  measured apparent  s u r r a c e  temperature  f o r  a l a r g e  uniform reg ion  
near  s h o r e  and a second reg ion  w e l l  o f f shore .  Because of t h e  t i m e  d i f f e r e n c e  
between t h e  two c o l l e c t i o n s ,  t h e s e  d a t a  were no t  considered heavi ly  i n  
subsequent a n a l y s i s .  However, because of t h e  high thermal  i n e r t i a  o r  water 
and t h e  l a r g e  volumes involved,  we would n o t  expect  s i g n i f i c a n t  changes in 
l a r g e  area temperatures  over  s h o r t  time spans and have n o t ,  t h e r e f o r e ,  
completely r e j e c t e d  t h i s  d a t a  set 
I n  reviewing T a b l e  3.A-1 ,  we note  t h a t  t h e  p r o f i l e  d a t a  sets e x h i b i t  t h e  
fol lowing g e n e r a l  c h a r a c t e r i s t i c s .  The s l o p e  of t h e  r e g r e s s i o n  e q u a t i o n s  v a r i e s  
s l i g h t l y  about  one with t h e  combined r e s u l t s  y i e l d i n g  a s l o p e  of one. This  tends  
t o  i n d i c a t e  t h a t  t h e  g a i n  and atmospheric t ransmiss ion  e r r o r s  are e i t h e r  properly 
accounted €o r  o r  e f f e c t i v e l y  o f f s e t t i n g  each  o t h e r .  The b i a s  e r r o r s  €o r  t h e s e  
same daca sets i n d i c a t e  t h a t  t h e  pred ic ted  s a t e l l i t e  v a l u e s  are c o n s i s t e n t l y  
s l i g h t l y  high. This  i n d i c a t e s  a s l i g h t  b i a s  i n  t h e  i n t e r n a l  c a l i b r a t o r  o r  a 
tendency f o r  t h e  atmospheric propagation models t o  underes t imate  t h e  upwelled 
rad iance  term. In t h e  next  s e c t i o n  we w i l l  more thoroughly e v a l u a t e  t h e s e  
p o s s i b i l i t i e s  based on an e v a l u a t i o n  of t h e  e m p i r i c a l l y  measured and modeled 
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atmospheric propagat ion parameters (Tand ?A >. 0 
I U 
rn 3.B Evalua t ion  of Atmospheric Propagation Models 
In o r d e r  t o  proper ly  ana lyze  TM band 6 d a t a  i n  terms of s u r f a c e  tempera ture ,  
I 
I 
I 
it  i s  c r i t i ca l  t h a t  we i d e n t i f y  o r  develop a r e l i a b l e  atmospheric propagat ion  
model. The e r r o r s  described i n  t h e  previous s e c t i o n  may be a t t r i b u t a b l e  e i t h e r  co 
satell i te i n t e r n a l  rad iometr ic  c a l i b r a t i o n  o r  e r r o r s  i n  t h e  propagat ion model 
(aga in  assuming f o r  t h e  moment no e r r o r  i n  t h e  temperatures  p r e d i c t e d  by t h e  
p r o f i l e  method). To assist i n  eva lua t ion  of t h i s  q u e s t i o n ,  t h e  modeled 
atmospheric  paramecers were empir ica l ly  determined by t h e  p r o f i l e  method. Recall 
t h a t  t h e  s e n s o r  i s  o p e r a t i n g  over  t h e  8-14 pm band and t h e  atmosphere modeled is 
s l i g h t l y  d i f f e r e n t  than f o r  t h e  s a t e l l i t e  d a t a .  However, s i n c e  t h e  sa te l l i t e  
window i s  included i n  t h e  reg ion  measured by t h e  a i r c ra f t ,  w e  b e l i e v e  t h e  t r e n d s  
i n  t h e  model should be similar over  both windows. 
T a b l e  3.B-1 conta ins  t h e  r e s u l t s  of t h i s  a n a l y s i s  f o r  varying a l t i t u d e s  on 
s e l e c t e d  d a t e s .  These d a t a  are ODViOUSly a l t i t u d e  and atmosphere dependent out 
tend t o  i n d i c a t e  t h a t  t h e  LOWTRAN derived atmospheric  t ransmiss ion  va lues  are i n  
g e n e r a l  somewhat o p t i m i s t i c  i n  t h i s  passband. Cons is ten t  with t h i s  t h e  LOWTRAN 
derived p a t h  rad iance  va lues  are s l i g h t l y  lower than  t h e  e m p i r i c a l l y  d e r i v e d  
va lues .  This  assumes t h a t  t h e  p r o f i l e  der ived  v a l u e s  are c o r r e c t .  
while n o t  i n  t h e  s p e c i f i c  passband of t h e  themat ic  mapper, tend t o  i n d i c a t e  t h a t  
t h e  rad iance  range reaching t h e  sensor should be s l i g h t l y  smaller than  t h e  LOWTRAN 
model p r e d i c t s .  These p o t e n t i a l  e r r o r s  in t h e  atmospheric  propagat ion models 
would tend t o  e x p l a i n  t h e  b i a s  error discussed i n  t h e  previous s e c t i o n .  The 
corresponding t ransmiss ion  e r r o r s  would have t o  be approximately o f f s e t  by system 
g a i n  e r r o r s  t o  y i e l d  t h e  results i n  Table 3.A-1. This  concern is  f u r t h e r  
re inforced  by independent r e s u l t s  observed by Lathrop and L i l l e s a n d ,  1986. They 
i n d i c a t e  t h a t  t h e  apparent  temperacure a t  t h e  sensor  is n e a r l y  i d e n c i c a l  wi th  t h e  
s u r f a c e  temperatures  c o l l e c t e d  i n  conjunct ion with the  s a t e l l i t e  overpass .  These 
r e s u l t s  l i n k e d  wi th  those of Malaret e t  al., 1985 and Wukelic e t  a l . ,  1985, tend 
t o  support  t h e  concern t h a t  t h e  system g a i n  may b e  s l i g h t l y  h igher  t h a n  t h e  
i n t e r n a l  c a l i b r a t o r  i n d i c a t e s .  Based on earlier r e s u l t s  Schot t  and Volchok, 1985 
had suggested t h a t  t h e  sensor  g a i n  might b e  s i g n i f i c a n t l y  i n  e r r o r .  More thorough 
a n a l y s i s  of  t h e  u n d e r f l i g h t  d a t a ,  coupled w i t h  a d d i t i o n a l  d a t a  sets,  Lndicate  t h a t  
any g a i n  e r r o r s  are smaller than  previously expected.  Based on t h e  n e a r l y  p e r f e c t  
s l o p e  v a l u e  ( i . e .  s lope  of one) reported i n  T a b l e  3.A-1 t o r  t he  comDined 
These d a t a ,  
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Date 
6 /22/84 
10/6/84 
1016184 
5/24/85 
6/25/53 
6/25/83 
6/25/53 
6/25/83 
Me an 
4 
Table 3.R-1 
Comparison of p r o f i l e  and L O W T W  der ived  t ransmiss ion  va lues  
A1 t i tude 
1 5 K  
20K 
15K 
1 OK 
0.33K* 
0.66K* 
1.33K* 
2 .OK* 
T r  a nsmi s s i on  
from LOWTRAN Transmission 
Incorpo r a t  ing from P r o f i l e  Xat io  of 
S p e c t r a l  Response Technique LOWTRAN/P r o  f i l e  
0.714 0.697 1.024 
0.814 0.673 1.210 
0.85 0.801 1.061 
0.765 0.630 
0.805 0.874 
1.214 
1.033 
0.859 0.813 1.057 
0.801 0.762 
0.772 0.744 
1.051 
1.035 
*From Byrnes 1985 
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. 
1.086 
u n d e r f l i g h t  d a t a  sets; t h e  only  source of g a i n  e r r o r  would be compensating e r r o r  
f o r  t h e  s l i g h t l y  over es t imated  atmospheric t r ansmiss ion  expected from t h e  LOWTRAN 
model. 
3.C Overall Error Analysis 
Because of the  l i m i t e d  d a t a  base and t h e  f a c t  t h a t  t h e  a v a i l a b l e  d a t a  
i n d i c a t i n g  e r r o r s  i n  t h e  atmospheric propagation model are f o r  t h e  8-14 pm 
spectraL window, i t  is d i f f i c u l t  t o  spec i fy  a magnitude f o r  t h e  expected e r r o r  
i n  atmospheric t ransmiss ion .  Based on t h e  e m p i r i c a l  d a t a  u t i l i z e d  on t h i s  s tudy  
a lone ,  no c o r r e c t i o n  f o r  system g a i n  would be warran ted .  However, t h e  r e s u l t s  
r epor t ed  by ochers  and t h e  p o t e n t i a l  e r r o r s  i n  t h e  atmospheric propagat ion  models 
tends t o  i n d i c a t e  t h a t  i f  t h e  models a r e  over e s t i m a t i n g  atmospheric t r ansmiss ion  
by 8% chen t h e  system g a i n  i s  high by approximately t h e  same amount. The l imiced  
d a t a  base w i l l  no t  p e r m i t  a more exac t  estimate and t h e r e  is no reason a t  a l l  t o  
be l i eve  t h a t  t hese  e r r o r s  are exactly compensating. Therefore ,  based on t h e  d a t a  
c o l l e c t e d  as p a r t  of t h i s  e f f o r t ,  t h e  b e s t  e s t i m a t e  would be obta ined  by 
c o r r e c t i n g  t h e  sa te l l i t e  d a t a  as descr ibed  here  and assuming t h a t  t h e  modified 
LOWTKAN code desc r ibed  above i s  nea r ly  c o r r e c t  over  t h e  TM band 6 s p e c t r a l  
bandpass. This conclus ion  i s  supported by t h e  d a t a  r epor t ed  i n  Appendix C where 
t r ansmiss ion  w a s  computed by r eg res s ion  of s u r f a c e  r ad iance  de r ived  from the 
p r o f i l e  temperature estimates wi th  satell i te rad iances  f o r  t h e  6/22/84 and 5/24/85 
d a t a  sets. The t r ansmiss ion  d i f f e r e n c e s  between t h e s e  two approaches are of t h e  
o rde r  of 8% but no c o n s i s t e n t  p a t t e r n  is demonstrated.  
In o r d e r  t o  a t t r i b u t e  an  e r r o r  t o  t h i s  approach, w e  cons ider  t h e  combined d a t a  
set of T a b l e  3.A-1 f o r  t h e  t h r e e  dates on which good u n d e r f l i g h t  d a t a  were 
a v a i l a b l e .  For t h i s  d a t a  set t h e  RMS e r r o r  i s  only s l i g h t l y  g r e a t e r  than for t h e  
r e s i d u a l  e r r o r  f o r  t h e  r e g r e s s i o n  a n a l y s i s .  S ince  t h e  r e s i d u a l  e r r o r  i n  the 
r eg res s ion  a n a l y s i s  r e p r e s e n t s  t h e  e r r o r  a f t e r  a b e s t  case soLution, i t  should 
r ep resen t  a good estimate of t h e  sampling error. This r e p r e s e n t s  t h e  combined 
e r r o r s  due t o  random e r r o r  i n  t h e  e s t ima t ion  of te rmpera ture  by t h e  aer ia l  and 
sa te l l i t e  technique and e r r o r  i n  i d e n t i f y i n g  t h e  e x a c t  corresponding p o i n t s  i n  t h e  
two images. Since the e r r o r  i n  t h e  u n d e r f l i g h t  measurements has been 
c h a r a c t e r i z e d  a t  0.4K and t h e  senso r  random e r r o r  i s  approximately 0.5 due l a r g e l y  
t o  q u a n t i z a t i o n  n o i s e ,  t h e  sampling m i s r e g i s t r a t i o n  e r r o r  can b e  expressed as 
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2 -‘ 2 -’ 2) 1/2 - 
U samp - (‘resid g t  sat (3.C-1) 
where; usamp is t h e  e r r o r  due t o  m i s r e g i s t r a t i o n  of aer ia l  and sa te l l i t e  d a t a .  
u i s  t h e  r e s i d u a l  e r r o r  from t h e  r e g r e s s i o n  a n a l y s i s  (2.86K f o r  t h e  r e s i d  
comoined d a t a  set. 
u i s  t h e  e r r o r  i n  t h e  ground t r u t h  d a t a  (0.5K). 
g t  
u is t h e  estimated random e r r o r  i n  t h e  sa te l l i t e  d a t a  (0.4K). sat 
This y i e l d s  an e r r o r  due t o  sampling of 2.79K. This  means t h a t  n e a r l y  a l l  t h e  
e r r o r  i s  due t o  l o c a t i o n  of common po in t s .  
I f  w e  then  look a t  t h e  RMS e r r o r ,  i t  can b e  expressed as 
o r  
(3.C-2) 
(3.C-3) 
where;a  i s  t h e  e r r o r  i n  t h e  rad iometr ic  c a l i b r a t i o n  and atmospheric  propagat ion 
models. For t h e  combined p r o f i l e  d a t a  of T a b l e  3.A-1 i t  t a k e s  on a va lue  of 
0.75K. The combined system e r r o r  can be  expressed as 
ca l  
2 2) 1/2 
s y s  = (oca1 + ‘sat 0 (3 .C-4) 
u i s  t h e  expecced e r r o r  i n  temperature a s s o c i a t e d  wi th  t h e  comDined sensor  
SYS 
and c a l i m a t i o n  procedure e r r o r s .  Its value based on t h e  combined p r o f i l e  data 
set is 0.90K f o r  one s tandard  d e v i a t i o n .  This can be  i n t e r p r e t e d  t o  mean t h a t  i f  
t h e  procedures  descr ibed  here  are used t o  p r e d i c t  temperature ,  95% of t h e  p o i n t s  
should f a l l  w i t h i n  1.80K of t h e  pred ic ted  va lue  assuming no r e g i s t r a t i o n  e r r o r  
and ramdomly d i s t r i b u t e d  e r r o r s .  This va lue  should be reproducib le  i f  very l a r g e  
uniform s u r f a c e s  were observed ana i f  t h e  a i r c r a f t  sample s i te  was w e l l  d e t i n e d  i n  
t h e  s a t e l l i t e  image. This  would b e  t h e  case f o r  images of t h e  thermal  b a r  such as 
seen  i n  Figure 2.C-2. In  t h i s  s tudy  only one u n d e r f l i g h t  w a s  ava i laDle  from t h i s  
per iod ,  r e q u i r i n g  t h e  use of less d e s i r a b l e  p o i n t s  f o r  comparison. 
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3.D Multi-Resolution Data Fusion: Application t o  image a n a l y s i s  
The d i s c u s s i o n  t o  t h i s  p o i n t  has  concent ra ted  on a n a l y s i s  of data w i t h  t h e  same 
e m i s s i v i t y .  Heasurement of e a r t h  s u r f a c e  temperatures of d i v e r s e  scene  r e q u i r e s  a 
method f o r  d e a l i n g  wi th  vary ing  emissivit ies.  The governing equa t ions  and 
c a l i b r a t i o n  approaches d i scussed  i n  t h e  previous s e c t i o n  w i l l  r e a d i l y  pe rmi t  
temperature measurement i f  t h e  emis s iv i ty  i s  known. For a g iven  material type  a n  
e m i s s i v i t y  va lue  can be ass igned  from a lookup table  (N.B. much work remains t o  be 
done on t h e  e m i s s i v i t y  of n a t u r a l  s u r f a c e s ) .  The l i m i t i n g  f a c t o r  i n  t h i s  approach 
i s  a s s o c i a t i n g  a materiai type  wi th  each r ad iance  va lue  i n  a TM band 6 image. 
This limit i s  overcome by us ing  t h e  r e g i s t e r e d  r e f l e c t i v e  channels of t h e  TM t o  
g e n e r a t e  a l and  cover c l a s s i f i c a t i o n .  This can e i t h e r  use a s i m p l e  segmentation 
approach o r  a s o p h i s t i c a t e d  d i sc r iminan t  a n a l y s i s  depending on t h e  u s e r ' s  needs. 
Once c l a s s i f i e d ,  an e m i s s i v i t y  can be ass igned  t o  each material class. These 
e m i s s i v i t i e s  can then b e  used i n  t h e  computation of s u r f a c e  tempera tures .  This 
process  i s  d e t a i l e d  i n  Appendix D. E s s e n t i a l l y  t h e  r ad iance  v a l u e s  are acqui red  
from t h e  TM 6 d a t a ,  t h e  e m i s s i v i t i e s  from t h e  l and  cover d a t a  (from the  r e f l e c t i v e  
bands) and t h e  atmospheric propagacion d a t a  from t h e  models desc r ibed  earlier. 
This means t h a t  t h e  blackbody equ iva len t  s u r f a c e  rad iance  o r  i t s  a s s o c i a t e d  
temperature can be  computed f o r  each pixel a t  t h e  r e s o l u t i o n  of t h e  r e f l e c c e d  
channels.  (This  assumes t h e  mean rad iance  sampled by the  TM 6 band was equa l ly  
made up from each subp ixe l  corresponding t o  t h e  r e f l e c t i v e  channels . )  This  
r e s u l t s  in a temperature o r  blackbody equ iva len t  s u r f a c e  rad iance  map which 
appears t o  have higher r e s o l u t i o n  t h a n  t h e  o r i g i n a l  LWIR imagery ( c . f .  Appendix 
D). This  is v i s u a l l y  more a t t ract ive.  However, t h e  q u a n t i t a t i v e  accuracy  f o r  
mixed thermal  p i x e l s  is  q u i t e  l i m i t e d  and only  reg ions  l a r g e  enough t o  have 
uncontaminated thermal p i x e l s  should b e  t r e a t e d  q u a n t i t a t i v e l y .  The r e s u l t s  of 
t h i s  approach are i l l u s t r a c e d  i n  Figures 2 through 5 i n  Appendix D. 
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SECTION IV 
Conclusions and Recommendations 
This study has demonstrated that consistent reliable surface temperature data 
can be obtained from the TM band 6 sensor using underflight calibration methods. 
It has further demonstrated that the expected error (1 std deviation) in surface 
temperature measurement using radiometric propagation models is of the order of 
1.9K, assuming no emissivity error and no sample point location error. Finally a 
method of display of earth thermal features has been demonstrated that takes 
advantage of the registered shortwave images, the radiometric calibration 
procedures and the calibrated LWIR images. 
There is some residual concern that the internal gain in the sensor may be 
slightly higher than the assigned value. However, the effect of this error on 
most scenes will be small as the results cited above indicate. We would, however, 
recommend a more detailed test involving calibrated radiometric underflights of 
the sensor with a sensor system spectrally matched to the satellite system. This 
would eliminate residual concerns of whether the error is in the propagation 
models or in the satellite sensor. We would also recommend ongoing research aimed 
at development of calibrated imagery. This would involve consideration of 
emissivity iaeasurement of natural surfaces and methods of quancitatively merging 
mulciresolution shortwave and longwave aata sets. 
Finally, an overall conclusion is that the radiometric quality and spatial 
resolution of the Landsat TM make it an extremely powerfull and useful tool for 
assessment of the temperature of earth surface features. However, che user musc 
take care to recognize the various corrections necessary in quantitative analysis 
of LWIR imagery. In particular, spectral bandpass and atmospheric propagation 
corrections must be well understood and properly applied to achieve acceptable 
temperature errors. 
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Temperature Measurement of 
Cooling Water’ Discharged 
from Power Plants I 
A technique for calibrating a thermal infrared scanner was 
successfully tested. 
ISTRODCCTIOS A S D  SC>I>IARY cooling water discharged into a water body, 
the teiiiperature value and spatial extent of 
HE GROWKC SCMBER kid size of power the thermal pluine are the parameters of T facilities has stimulated the interest of interest. These thermal plumes can, in soine 
scientists, legislators, and the public in the instances, extend more than a mile from the 
effects such stations have on aquatic en- discharge point and include temperature in- 
vironinents. T h e  impact of thermal dis- creases in excess of 15°F. 
ABSTRACT: In an effort to resoltie technical, operational, and cost 
problems associated with the existing approaches for  measurement 
of water surface temperature, a program was initiated to decelop 
and test a wholly airborne calibration of a thermal scanner system 
as an alternutitie. This technique inoolued deaelopment of a model 
relating the signal at the sensor to the surface temperature and the 
atmosldieric effects contributing to the signal at the sensor. 
Procedures were deseloped fo r  collection and analysis of the ther- 
mal imagery such that the terms in this model could be calculated. 
Once these terms, including atmospheric transmission, s k y  radi- 
ation, and reflectance of the water, ha6e been determined, the water 
surface temperature can be calculated. In an effort to etialuate this 
technique, a series of “blindfold” tests were made. In these tests, an 
airplane flew ouer a boat located at different positions in the water 
at different times and on different days. The aircraft oalues were 
then compared to the boat Galues, which had been withheld until 
the aerial determinations were made. Results of this test indicate 
that, on the aGerage, the aerial measurements fell within 0.70”F of 
the Lout teniperatures (standard deuiution ~0 .59”F  for 63 points). 
On the basis of these results, this wholly airborne approach, called 
the “angular calibration technique,” is considered operational for 
airborne measurement of water surface temperatures. 
I 
charges on aquatic ecology and the effects 
on aquatic organisms that are drawn through 
cooling systems are of particular concern. In 
order to ensure proper protection and man- 
agement of the environment as well as con- 
tinued generation of required power, pro- 
cedures must be developed to accurately 
assess environmental effects in a timely and 
cost-effective manner. In monitoring the 
Airborne thermal infrared imaging sys- 
tems have been used to study some of these 
 problem^."^ These systems generate an 
image (similar to a photograph) of the heat 
energy radiated b y  water surfaces. For 
example, the brighter the water appears on 
the image, the higher the temperature of the 
water is. The advantage of this approach is 
that the thermal scanner can image the entire 
PHOTOGRAMMETRIC ESGINEERING A N D REMOTE SENSING, 
Vol. 45, No. 6,  June 1979, pp. 753-761. 63 
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surtlicc ;irc*ii of ;I discli;irg,lc. pliiriic* i l l  i n i i i -  
lites. 111 tliis i i i i i i i i ier,  all the intenid tlc*ti\il 
a s  well iis the shape and spatial esteiit can 
he easily deterinined. Tilt. disiitI\.iil1ti\jie of 
this ii1111roi\~li s that ii hxit is required to 
provide diita needed to convert brightness 
levels on the image to temperature valiies. 
t ion iil , a n e l  cost p rol, le Ills a s  soci i\tcd \vi t 11 the 
e si s t i i i  g approaches , a progriiIi1 \ v a s  i 11 i t  i a ted 
to de \.e lop iiii d test \v ho 1 I>. ai r h o  rile cal i 1) ra- 
cise theriiid miips coulcl be geiieriited \vith- 
out reclriiring datii froni hoiits. This ttxhnicliie 
i 11\’0 I\*ccI C ~ C \ . C  I o l ) I I i c l l  t o I‘ it ~ t l ~  I relit t i 11g 
the signiil at thc sensor to the siirfiice teni- 
1~ ~’i\ t 11 re i i l l  d the i\ t 111 ( ) s 11 li e ri c e t’k c t s C(  ) 11- 
trihiiting to the signal iit the S e I l S o r .  
Procc t lit re s \\’~*rc de vc  I ( I pc tl ti r c( 1 I ICY t i ( 11 
and iinal>.sis of  the theriniil imager!. such 
that the temis in this model coulcl lit. cal- 
~ I I  la t ed , Dn tu co l l ec t i o 11 p rocecl iires i l i -  
clucled flying the aircraft Lit different iilti- 
ttttles o \ w  the si\llie point in the \\’i\tt.r iU1d 
flying ptifiillel flight lines SO thiit diitii fro111 
points in the water could he vie\ved iit clif- 
ttreiit look iiIigles. These p r o c e d t ~ ~ ~  i d d  ii 
i n i n i i d  i\Iiiolt1it of time to diitii collection 
iuicl provide sufficient data s o  thiit iiii  iilliil!- 
sis of the terins relating water tt.l1ll>eriitllre 
to the signal iictidl!. reaching the seiisor ciin 
be ciilclililted. O I I C ~  these temis, incliiding 
atmospheric t riiiisiii i ssion , sk:. r id  iiit ion, a i d  
reilectance of the water, 1iin.e I~eeii deter- 
mined, the water slirtice te1iil)eriit\lre ~ W I  I W  
calculuted. 
Iii iiii effort to e\.aluate this techiiiclric, i i  
series ot’ “l~linclfold” tests \viis in&.‘ I n  
these tests iiii iiirgliine fletv ()\per i i  hoiit lo- 
ciltetl ilt different positions in  the \\.;iter tit 
different times and on clift’erent da!.s. The 
aircriifi viilties \\’ere then co~~ipiiretl o the 
boat \dites,  \vhich h i d  I~eeil withheld until- 
the iic ri iil clc tc riii i 11 ;it i ( ) 11 s \vc rc’ I niitlc. . ’ IL*- 
stilts ofthis test indicate that, on the ii\.ertige, 
the iierial measurements fell within 0.70”F 
ot’ the h i i t  temperatures (stiuiclartl deviation 
*0.59”F for 63 points). On the basis of these 
re s 11 1 t s , t h i s w h o 1 1 y il i r bo rii e a p p r o w  11, 
called the “iingulur calibration technique, 
is considered operiitional for airborne mea- 
sure men t of water sur fke  temperatures. 
This paper discusses the airborne calibrii- 
tioii technique iilid the esperiliiental test 
progriin1. For the sake of brevity, the details 
ofthe airborne collection system are omitted 
and the assumption is made that the radiant 
energy reaching an airborne sensor can be 
converted to an apparent blackbod>- temper- 
ature equivalent. 
111 ill1 effort to iesol\*e tech~iiciil, operii- 
tion of’ ii t l i e r ~ ~ ~ i i l  Sc iI l l ler  s>.steIii SO thiit 1 1 ~ -  
.. 
T I I I ~ O R ~ : I ~ I ( ; A L  .AITROA(:II  
The r i d  scitii~le rs ye 11 e rill I y detect riid i - 
ation in the 8-14 pm bandpass. This section 
will tliscitss how thc d i i i 1 l t  c ~ i c r g ~  dc-tc-ctcd 
I)>, ii seiisor ;lt iiircrilft altitudes (-GOO 111) is 
1iot 011l\. ii fiinction of tel111)eriitilre Iiut is  SO 
fiinctioniilly dependent on iitiiwspheric iind 
I)iickgrouncl terms. In addition, the ty1ie.s o t  
liie iis 11 re llie 11 t s re (1 u i red t 0 cal cu lii t e the 
\ d u e s  of these iidditioiial terms will I)e 
de t’lned. 
ze r( ) radiate s e 1 ec tro inagne t i c eiie rgy . The 
rc la t ion l)t* tw cen l)lac kl)ocl y radiiiu t e 111 it- 
tiinct*, W, mid temperature. l’, i n  Oh: is cs- 
\V = uT4, (1) 
~ v h e r e  u is the Stef~iii-Boltzmun constant. 
The general ecluatioii for a Iilackl~ody rudi- 
ator is given I)!, the Planck distribution 
eq ua t ion, 
A11 ~ ~ i i i t t e r  kit teIiiperiitlires iibo\’e iilisollite 
1)rcssetl I)y the Stef~i~i-Boltz~li~illli e(l11‘‘1 t‘  1011 
(2) ’ \vA = ~ ~ ~ : \ ~ h - :  (enr/uir, 1 ) - 1 ,  
where W A  is the radiant emittance per unit 
\\~a\’e length in te r \d ,  
c is the speed of light, 
I i  is Planck’s constant, 
k is Boltzmann’s constant, 
T is temperature, aiicl 
A is \vavekwgth. 
T h is eq ita t io 11, de rived from quaii t 11 m ph y - 
sics, is i\ fiinction of the quantum fiidi. ‘1 t’ 1011 
states within ii I>lackl>ody cavity. 
The  S t e tiin- Bo It z m it n n ecl ii at io ii i s o 1)- 
tainetl I,>, integrating the Plauick equation 
()\‘e r all  \va\re le 11 gths. 
The prol,lem in using these equations is 
finding the ckpendeiice of‘ W on teniperature 
over ii defined I)kifidpiiss. The Stefan-Boltz- 
111 iiii  i i  e( 1 ua t i ( 111 i ne1 ica t e s that rad i ant e 111 i t  - 
tiillce integrated over all \vii\.ele1igths varies 
;is T’, i.e., 
(3) 
To find the tiinctional dependence 011 
temperature in a finite bundpass, it is neces- 
sary to use a series espansion solution to the 
normalized i 11 te grid of radiant eiii i ttance . 
This yields the fraction of energy less than 
it given wavelength, D, given by 
[: W ,  d h  = W = UT‘. 
[: W A d h  
D =  (4 1 
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These D \ J ~ U ~ S  itre tilbrrlated in stiindiirtl 
Illiickbody tiiI)Ies for ranges of T, A, or AT 
co 1111, in at i on s . '' By fi i i  d i  n g the d i ffe re 11 ce i i i  
D for two tvi1veIeligths, ii relation ci\n be 
developed between temperature iind radiant 
emittance in ii bai1dp;iss expressed its il frac- 
tion of thy totiil radiant emittance. 
I f  D is the fraction of the total energy 
emitted by a blackbody between the wave- 
length 0 A, then D, - D, is the fraction 
of emitted energy hetween A,  iilnd A*. Since 
oT4 is the totid energy for a given tempera- 
ture, then W = (D, - D2) aT4 is the racliant 
energy emitted fin il given bii1itlpiiss. \'ilIiles 
o fW illid T over the range o f  interest ciiii be 
stored in diitii files 011 i l  coiiipriter. T c i ~ i  he 
culculi\ted from the stored W viilues. 
LVe cilli therefore express the r i id i i in t  
energy from ii blilckhody over the 8-14 pi11 
bandpass (WAA) as 
w,, = w, = gTcC'] ,h- . -*(ehr /AkT - 1 ) - 1  d~ s: - 
(05) 
This expression, however, is only true for ;i 
blilckbody. A blackbody is i1 perfect ridator 
ant1 absorber; therefore, all the incident 
energy is absorbecl iitid reradiated. In prac- 
tice, the bodies we will be concerned with 
will be gray bodies, which are not perfect 
absorbers or riidiators in the 8- 14 pin ban& 
pass and thus have emissivities less than 
unity. 
Emissivity (e) is the ratio of energy ratli- 
iited from ii source to energ)' d i a t e t l  from ;i 
hlnckbody at the siiiiie temperature. Thus, 
for a gray body, 
w = E w,. (6) 
In order  to interpret the raclimt energy 
reiicliiug ii point iit i1liy distiilice from the 
source, one must consicler atmospheric or 
path effects; of  prime concern is iitino- 
spheric transiiiissioti ovcr thc path Ictigtiis of 
interest . The ii tm o s phe ri c t r;i n s in is s i o ti w i 11- 
tlow between 8 and 14 +1ii is the tilost ttseftd 
tor earth o1,servation work for ii number of 
reasons. It encompasses the ri1diiint energy 
peak of 9.5 pni  for objects near earth ilm- 
bient temperature of 300°K. The transillis- 
sion is quite high over the entire window, 
and the window is spectrally very broad, 
permitting ititegriitioii over ii siziible fraction 
of the totill energy riidiiitcd. 
Primary attenuation in the lower atmo- 
sphere is due to absorption by H20 vapor, 
COz, and OH. These molecules absorb thc 
ratfiation and reradiate it as a function of 
te iiipe rattire, thereby introducing two noise 
terms into the system. 
These teriiis ciili be included in  the ex- 
pression we hilve defined ils follows: 
(7) w = rew, + w,, 
where T is the atmospheric trans i n  iss ion and 
W,, is the ilppiirent radiant emittance from 
the air coliimn between the source and sen- 
sor, as well as  energy scattered into the sen- 
sor. It is important to keep in mind that W,, 
mid T vary a s  a function of atmospheric con- 
ditions on ;i given clay and also within the i\ir 
colulilii I)t.c~tii~e of liiveriiig effects in the 
atmosphere. 
I n  addition to the rnc1i;int energy froiii the 
sourcc itsclt, i i  celtiiill anioiiiit of energy will 
he reflected from the groiincl. This energy 
C O I I I ~ S  fro111 I,otli the sun iind the sky. Soliir 
reflection effects can he avoided by proper 
orientation of flight lines. Skylight reflec- 
tion e fkc t s  cii11 I>t: expressed iis W, TR iind 
included in Equation 7, yielding 
(8) W = reW, + W,, + W, TR 
where W, is the radiant energy from the sky 
incident on the surface observed, and can be 
iissociated with iin equivalent sky tempera- 
ture,  T,%. R is the sirrftice reflectance of the 
Skylight i rd i i i nce  conies from scattered 
solar racliation, radiation emitted from com- 
ponents of the atmosphere (especially the 
ozone layer iind HZO vapor), and energy 
from the Earth reflected Iiy the atmosphere. 
All these eff'ects comliine to give the sky an 
ilppiire n t rad i oiiie t ri c te in pe rat 11 re a s  vi e wed 
from the grouncl. For our  purposes, this is 
the blackbody temperatrlre equivalent, T,, 
associated with the amount of energy inci- 
tleiit oti the source over the 1)andp;iss of 
interest. T,* can vary u)iisideriil)ly with sky 
contlitions froiii about 300°K for heavy over- 
c;ist to well helow 2.50"K fin- cleiir sky COW 
ditions. 
111 <*\ri1111;1tit1g thv ~.;ltigc* of \f;iIllcs filr the 
retlectiilice ternis, we recognize that reflec- 
tion is depenclent o n  look angle. In acldition, 
we have mentioned that W,, and T are depen- 
dent on the length iind composition of the 
atmospheric path between the soiirce and 
observation point. To  recognize this depen- 
cleiice in E(lt1iition 8, the  fiinctioniil depen- 
dence on 0 and h will be added to designate 
ii n g 11 I iir it t i  <I h e i g 11 t de pe n de n ce , re s pec- 
tively, 
wilter. 
where h is the height of sensor 
above terrain, 
e is look angle measured 
from the vertical, and 
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w(h, e )  = r(rl,e) €(e)  wT + wi (h ,e)  
+ T(/t ,e)  w, m e ) .  (9) 
Limiting oiir cliscussion for the inoment to 
vertical viewing, (e = O), results in 
w ( h )  = ~ ( h ) c  w, 4- ~ ( h )  w, R + W,,(h). 
(10) 
Letting W(0)  be the energy from the 
ground as it would be measured vertically 
at zero altitude, Equiition 10 reduces to 
W(h) = T ( I 1 )  W(0) + \v,i(/t) ( I  I )  
where W(0) = E\VT + \V,R. (12) 
I f  W ( h )  and W(0) iire known tor ii set of 
ob s e r v e  d vii I 11 e s , t 11 e n , I> y I e ils t- s (1 11 ii re  s 
analysis of Equation 11, ~ ( 1 1 )  and Wi(h)  can 
be calculated. W(h) and W(0) represent the 
radiant energy observed by the sensor at 
flight altitude iuid ground level, respec- 
tively. In practice, the ground level iiieascire 
is obtained by extrapolating ii plot of alti- 
t ti de - v e  r s 11 s - te m p e rii t ti re to zero ill ti tu d e 
using data collected over the same point at a 
series of altitudes, where radiant energy is 
converted to iippkirent blackbody tempera- 
ture. 
I f  we once again consider the angular 
viewing effects, Equiition 11 becomes 
w(h,e) = T(h,e) w(o,e) + w.,(h,e) 
w(o,e) = €(e )  w,. + w, R ( e ) ,  
(13) 
(1.1) 
(1.5) 
(16) 
These equations r e s u 1 t fro i n  the increase 
in absorption with path length (E(llli1tion 15) 
and the increase in atmospheric radiation 
with path length (Equation 16). Since the 
l>ilth length increases a s  I / C O S  e tilr sli\nt 
viewing and the effects on iitmospheric 
emissions should be very nearly linear for 
siiiall increases in path length through a 
given medium, Equation 16 is derived. Note 
that this assumption of linearity is only valid 
for increase due to slant viewing through a 
known atmosphere and is not necessarily 
valid for an overall increase in path length. 
If observations were made at the same 
altitude of a given point through two dif- 
ferent look angles, one of which may be 
taken as vertical for convenience, then 
Equations 10, 13, and 14 may be combined 
to yield 
where 
~ ( h , e )  = r(li,O) exp (l /cos e), and 
wi (l1,e) = w, (h ,  ovcos e. 
W(h ,  0 )  = m W(h ,  e)  - mr(h, e)  W, R(e)  
- mW.i(h,B) 
+ 7(h, 0)  W A O )  + W,(h ,  0 )  (17) 
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Recognizing this ;is 8 straight line in the 
forin, 
(19) w(k, 0 )  = m w ( h ,  e)  + I 
and solving for W ,  in tenns ofm and I yields 
Least-squares analysis of Equation 19, 
with input diltii consisting of iipp;irent ten1- 
pe rat ti re s (con v e rt e d to radiant e 11 e rg!.) 
measured along a line viewed vertically and 
then at ii slant angle, will !.ield from Equa- 
tion 20 a measure of apparent slq. temper- 
nture as viewed from the ground. 
We have assumed that the apparent tem- 
perature of the sky is a constant with respect 
to angle of observation. In general, this is 
not the case; rather, the zenith sk). appears 
colder than the sky near the horizon because 
the atmosphere viewed verticall\* has fewer 
radiators. Because of the variability of sky 
conditions, a functional relationship be- 
hveen sky temperature and view angle is not 
readily defined nor are the errors introduced 
by the assumption of a constant sky easily 
evaluated. In order to minimize potential 
errors in measured sky temperature, the 
analysis discussed above can be conducted 
for a number of look angle combinations, 
and a siiiiple relationship between T, and e 
can be developed. 
Another solution would involve use of a 
vertical-viewing, upward-looking radiom- 
eter on board the aircraft. hleasurement of 
vertical sky temperature at a number of alti- 
tudes and extrapolation to the apparent 
temperature of the nadir sky as viewed from 
the ground would eliminate one unknown 
i n  Equation 17. The eqiiation could then be 
solved for the sky temperature at look angle 
8 (i.e., T,  associated with R(0)  would be 
known and T, associated with R ( e )  would be 
unknown). 
Rewriting Equation 9 as 
WT = [ w h o )  - d k e )  w, R(B) - w., ( h , e ) i ~ e )  7(h,e), (21, 
we find 
w(h,e)  is a measured value; 
W.i(h,O) is obtained from Equa- 
tion 16 and least-squares 
analysis of Equation 11; 
r(h,e) is obtained from Equa- 
tion 15 and least-squares 
analysis of Equation 11; 
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w, is obtained from Equa- 
tion 20; and 
R ( 8 )  and €(e) are tabulated values for 
water. 
It should therefore be possible to measure 
the absolute value of surface waters based 
on the theories developed thus far. The next 
section contains procedural approaches for 
collection of necessary input data to solve 
for the values in Equation 21. 
E ? L P E K I  h l t  S'I'A L D ESl CN 
Our concern at this point is in defining 
procedures for co 1 le ct i n g s u ffi cien t input 
data to pennit the use of the theoretical pro- 
cedures under discussion. Again, we will 
neglect, for simplicity, signal processing 
through the sensor and assume that apparent 
blackbody radiometric temperature can be 
measured at the sensor location by convert- 
ing radiant energy to equivalent blackbody 
l em perature . 
As shown in Equation 11, the input data 
necessary to calculate the transmission term 
~ ( h )  and the additive target-independent 
energy from the atmosphere W.,(h) consist of 
TB(h) and TB(0)  corresponding to W(h)  and 
W(0). TB(h) is simply the apparent blackbody 
temperature measured at altitude h with 
look angle 8 = 0. TB(0)  is the apparent tem- 
perature measured at the surface of the 
water. This value cannot be measured di- 
rectly but is obtained by a profile technique 
which involves a simple extrapolation pro- 
cess for data collected at a series of altitudes 
to a zero altitude case obtained by consecu- 
tive flights over the same target.' A target 
consists of an area of uniform temperature 
either large enough to be directly below the 
aircraft during the profile or within about 
10" from the nadir and distinct enough to be 
identifiable on the profile images. At angles 
much larger than 10" the assumption of ver- 
tical viewing during the profile no longer 
holds. 
The minimum data input required for 
Equation 11 is TB(h) and a corresponding 
TB(0) for at least two points at differing tem- 
perature. Ideally, these data consist of a set 
of approximately five data points covering as 
wide a temperature range as possible. 
Figure 1 indicates how TB(h) and TB(0)  could 
be obtained for a number of different tem- 
peratures. 
The input data necessary to calculate W,, 
the sky radiance term, comes from the solu- 
tion of Equation 19, requiring TB(h, 0) and 
TB(h,f3) as inputs. These values are the ap- 
parent temperature observed at the same 
point through two look angles where one 
look angle is chosen as zero degrees for con- 
venience. (Note also that Equation 11 can be 
solved directly for W,, i.e., a one point solu- 
tion is available). The  minimum data re- 
quired to solve Equation 19 consist of two 
data sets composed of TB(h,O) and TB(h,B) 
for two distinct points. In general, a number 
of points with a large range in temperature 
should be used to solve for m and I in 
Equation 19. This data set can be collected 
I,y flying two parallel flight lines and allow!- 
ing for some sidelap. This procedure is often 
used to obtain complete target coverage and 
would add little or no time to most collec- 
tion efrorts. Figure 2 illustrates how these 
data could be obtained. 
A ground-truth prograin was used to eval- 
uate these radiometric calibration tech- 
niques. This, effort involved aerial over- 
flights of a boat anchored at a series of 
positions in the Hudson River, both within 
and beyond the thermal plumes of various 
power plants. 
With the boat anchored at a given posi- 
tion, readings were made on the upstream 
(downstream if flow was upstream in the 
estuary) side of the boat. Measurements con- 
sisted of temperatures recorded from a sub- 
merged thermistor (nominally at a depth of 6 
in.) and from a Barnes PRT-5 radiometer. 
During each fly-over, approximately ten 
readings were recorded and averaged to pre- 
dict the temperature at a point. To insure 
unbiased data, all surface measurements 
were made by independent consultants and 
surface data were withheld until aerial re- 
sults had been delivered to the New York 
State Energy Research and Development 
Authority (NYSERDA).  The surface radiometer 
w : ~ s  calibrated in the field under prevailing 
atmospheric conditions to ensure that all 
measurements were absolute surface tem- 
perature measurements. 
The main survey took place on September 
24, 1976 with the boat anchoring at eight 
positions throughout the day. The aircraft 
flew over each position four times, per- 
mitting 32 data-comparison points for the 
total survey. Because the boat was covered 
with aluminum foil, it had a low emissivity 
and could be located as a "cold" spot on the 
image. Surface temperatures were predicted 
using the calibration technique discussed 
above. Data were also collected at eight 
positions for five overflights on both July 8 
and 9, 1976. However, the July 8 data could 
not be used because of calibration problems 
with the surface instrument. 
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FIG. 2. Example of parallel flight lines over a 
power station showing the change in look angle 
for a given ground point. 
RESULTS 
Table 1 presents the results of the  data 
correlation for September 24. The mean and 
standard deviations of the absolute value of 
the difference between the aerial and sur- 
face data are presented. Radiometric surface 
data were used because they are a more 
accurate measure of the actual surface tem- 
peratures than is the submerged thermistor. 
Comparison of submerged (6 in.) thermistor 
data and aerial data showed a mean dif- 
ference of 0.51"F with a standard deviation 
of 20.46"F. Also included is a correlation of 
radiometric temperatures, to which no at- 
mospheric correlations have been applied, 
with the surface data. Table 2 contains the 
results of the July 9 survey. 
When the July and September data are 
combined, a mean error of 0.70"F is obtained 
with a standard deviation of k0.59"F (Angu- 
lar Technique). This compares with a mean 
error of 3.23"F with a standard deviation of 
2 125°F if only internal system calibration is 
used. Figure 3 illustrates the precision of the 
calibration technique and the limitations of 
using only internal scanner calibration. The 
figure shows the surface radiometer data 
plotted against the calibrated (*) and un- 
calibrated (0) scanner data. The data, which 
have been corrected for atmospheric and 
background effects, show a very close fit 
within the 1°F error bars. The data using 
only the internal scanner calibration show 
sizable errors and are generally less than the 
actual temperature. Note that this is gen- 
erally the case but that a temperature higher 
than the true surface temperature can be 
detected by airborne systems under certain 
atmospheric and background conditions. 
One shortcoming to the angular technique 
is a requirement for extra data to permit 
calibration and some additional data pro- 
cessing. Neither the time nor the cost is 
appreciable; however, the data must be 
properly collected. Some improvements in 
accuracy could be expected if data collection 
were modified to facilitate analysis using the 
angular technique. Major improvements can- 
not be expected because temperatures pre- 
dicted from the air approach the accuracies 
obtainable by surface measurements. 
CONCLUSIONS A N D  RECOMMENDATIONS 
The data correlation results presented in 
the previous section indicate that a major 
advance in airborne radiometric measure- 
ment of water surface temperatures has been 
achieved." Measurement accuracies essen- 
i TABLE 1. COMPARISON OF SURFACE A N D  AERIAL DATA FOR 24 SEPTEMBER 1976 (OF) 
Surface Radiometer 
and Uncorrected Airborne Surface Radiometer 
Scanner and Angular Technique 
4 
r 
~- 
Mean of the absolute value 
i of the temperature difference 
! between boat and aircraft. 4.19 0.55 
Standard deviation of AT 21.22 -0.57 
co  
1 
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TABLE. 2 COMP.\RlSOS OF SCRFhCE ASD AERIAL DATA FOR JCLS 9, 1976 (OFF) 
1 
Stirfiicc Radiometer 
and Uncorrected Airborne Surface Radiometer 
Scanner and Angular Technique 
.\lean of the absolute value 
of the temperature difference 
between boat and aircraft 2.66 0.80 
Standard deviation of AT 2 1.27 20.57 
tiall!. a s  good a s  surfkce iiieiisureiiients lire 
de nio n s t ra t e d . 
The data collection procedures in\.ol\.e 
only minor variations in standard collection 
practices req 11 i ring ap p ros i m i 1  t e 1 >. I 3 add i- 
tional minutes of tlight time. A11 data pro- 
cessing can be done on a desk-top computer., 
The net result of these conclusions is that 
a fully airborne approach to measure water 
s 11 r face te i n  pe ra tu re s , \vi t h accu racies co m- 
parable to those obtained from surface mea- 
surements, is an operational possibility. In 
addition, these results tvere obtained 
through use of an outside consultant for 
acquisition of ground-truth data, thus pre- 
cluding any bias. 
ii’e recommend that future efforts in this 
area be directed at techniques to generate 
thermal maps Ivith appropriate corrections 
at angles a\va>. froin t.ertical. The corrections 
developed using the angular calibration 
techniques are quite accuriite and should be 
appl ied in map generation. Current  
mapping techniques do  not appl!. a cor- 
rection for \xiations in apparent teinper- 
ature at non-vertical look angles; de\velop- 
ment of these corrective procedures in the 
inap-generation process Lvould allow the full 
accuracies developed in the angular calibra- 
tion technique to be carried through to a 
final map product. In addition, data col- 
lected specifically for analysis using this 
technique should eliminate the need for 
iterati\.e solutions and should further im- 
prove calibration accuracies. IVhile major 
improvements in water temperature mea- 
surements could not be espected because 
the  current results dread!. so closel!. 
approach sur face 111 e as u re ni e n t s , i 111 p rove - 
inents applicable to such problems as a 
quantitative ineasiiremeiit of heat loss froin 
buildings could be expected. In fact, a major 
advantage of this technique is that i t  in- 
cludes consideration of sufficient \.ariables 
FIG. 3. Comparison of surface and aerial temperature measiirements (the lines represent a 1’F 
error envelope). - 
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RUSSELL POWER PLANT 
May 2 4 ,  1985 
Time  Gain  DC BB 
8-14 m 
MK 
1049 54 5 5  
1057 
1059 
1103 
1106 
1112 
1120 
1 1 2 7  
1140 
1146  
1202 
9-432 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Thermal  Bar i n  
Tape  Jammed 
140 5 5  Narrow F i l t e r  
S i g n a l / N o i s e  is  bad 
T e r m i n a t e  Narrowband Data 
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A l t  
1,000 
5 0 0  
100 
2,500 
2,500 o f f s e t  
5 , 0 0 0  
10,000 
10,000 o f f s e t  
15,000 
1 5 , 0 0 0  offset 
15,000 
NASA 
6 October '84 
Target:  Ginna Station 
Take-Off:  0850 
Grid: 
T i m e  
9: 0 9  
9: 2 1  
9: 23 
9: 29 
9: 37 
9:41 
9:51 
9: 56  
10:08 
10: 15 
-
10: 28 
10: 34 
10:44 
11:04 
11:17 
11:26 
11: 30 
JOHN 10 
T G / c s  
L 165 
MK Gain DC 
55 6 8  1 
---
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
55  180 13 
160 14 
1s 
16 
17 
18 
Remarks 
Wedge 0 - 6 . 0  
500' 8 - 14 
Tape broke and r e p l a c e d .  
500' 
100' 
1,000' 
1,000' o f f s e t  
5,000' 
5,000' o f f s e t  2OC 
10,000 ' 
10,000' o f f s e t  OOC 
15,000' 
15,000' o f f s e t  
Tape may not  be record ing  on Track 3 .  
Switch t o  Track 1. 
20,000' - 1  9 O C  
20.000' o f f s e t  Tape Rev 
20,000' 10 - 12 
15 ,000' 
10,000' 
5.000' 
1,000' 
500' 
Wedge 
7 4  
N A S A  
2 2  June  ' 8 4  
T a r g e t :  R u s s e l  S t a t i o n  
Take-Of f : 0845 
B B  -DC -Cain -
05  5 s  9- 2 30 
- Hk A l t  . Temp Time -
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
9: 02 
9:06 
1.000 6 0' 
1,000 off 9 : 1 7  
s.000 4 a0 9 : 2 4  
s.000 o f f  
10.000 o f f  
15.000 2 so 9: S O  
1s.000 o f f  
100 
5 00 
10,000 3 5 O  9: 3a 
Signal loss a t  end  of 1,500 o f f s e t .  
Wedge a t  b o t h  ends.  
TG /c  s 
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